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ABSTRACT 

Simultaneous equations  describing rocket  propellant 

injection,   atomization,  mixing,  vaporization,  and 

combustion are formulated for a cylindrical  liquid 

oxygen Jet  surrounded by an annular gaseous hydrogen 

stream.    The formulation is based on division of the 

combustion  chamber  into  a nonburning region near the 

injector and a combustion region further downstream. 

Processes   in the  nonburning region are  required  to 

satisfy certain  combustibility criteria before  com- 

bustion is  possible.    The propellents   then pass 

through a  plane  flame  front  into the combustion 

region.    A simplified treatment  of  turbulent mixing 

between unlike reacting gas  streams,   one  of which 

contains a  liquid  oxygen spray,   characterizes   the 

combustion region model.    Solutions of  the  system 

of equations, obtained with a digital  computer pro- 

gram, are detailed,  discussed, and compared favor- 

ably with experimental   information from Part  I. 

IUI 6^-29 
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simvm 

A complete analysis   of  the steady-state  rocket   combustion processes 

attending coaxial  jet  injection of   liquid  oxygen and  gaseous hydrogen 

is   presented.     Programmed   lor   IBM 7(W«  Q)W solution, a  model   is   formu- 

lated  that consists   of  simultaneous  equations  describing  LOX-jet  atomiza- 

tion, gas-spray mixing,   spray  vaporization,  spray ballistic behavior, 

gas   stream expansion and   deceleration,  gas  stream combustibility,  pro- 

pellant   combustion,   turbulent   miving between parallel  gas  streams,   and 

gas  dynamics   of tbe   subsonic  portions of   the combustor.     Required model 

input parameters are  those normally known:     injector face area,   oxidizer 

ami   fuel   injection areas,   flowrates  and  temperatures,  chamber  pressure, 

and  combustion chamber geometry. 

There are two  discrete parts  to the  model.     The  first is  adjacent  to 

the   injector and is characterized by the   absence of   propellant   combustion. 

A portion of   the liquid  oxygen  jet   is atomized  and mixed   in a  controlled 

manner with  the surrounding hydrogen stream;   a  cyl indrically annular, 

layered   spray   structure  is  hypothesized with  the earliest formed  spray 

occupying the   outer   layers.    The hydrogen  stream is  decelerated  and  ex- 

panded  radially by  diffusion and mixing with the surrounding (stagnant) 

gases and by momentum exchange  with  the contained  liquid  oxygen   spray. 

Spray vaporization  effects a gradually  increasing oxygen concentration 

in  the hvdrogen stream.     Uecirculation of   combustion gases from  the 

combustion region  that lies downstream is   presumed  not  to occur;   support- 

ing evidence   is cited. 

The  gases  in   the nonburmng region are considered to  be  combustible   if 

their hydrogen concentration is  lower than the  upper flanmabil ity  limit 

and   if their velocity is   lower  than  the local   turbulent   flame  speed. 
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When these conditions are satisfied, flame spreuding is rapid tnough 

that the nonburnimt region is terminated by a plane flame front standing 

in the spray-laden gases. 

The second part of the model is a combustion region.  A portion of the 

gases in the nonburning spray zone is assumed to be diverted around the 

flame front and form a fuel-rich gaseous mantle around a central, well- 

mixed, one-dimensional spray combustion zone.  The progress of propellant 

combustion can be limited by these processes:  (l) atomization of the 

residual liquid oxygen jet that penetrates into the combustion zone, (li) 

vaporization of liquid oxygen droplets, and (3) turbulent mixing of the 

gaseous mantle into the spray combustion zone. 

Few data exist concerning some of the processes, so the model formulation 

includes a number of arbitrary constants and assumptions.  Selected values 

for these were modified until a combination was found that would permit 

the model predictions to reproduce experimental information from two 

particular transparent model rocket motor tests.  The results from those 

best-fit model calculations are presented in enough detail to characterize 

prominant features of the model predictions. 

Although the best-fit cases agree well with those two tests which had 

given the most complete experimental data, parametric variations of model 

chamber pressure, mixture ratio, and propellant injection temperatures 

gave some predictions that did not agree particularly well with observed 

trends in other tests which had given incomplete experimental data. 

These comfprisons are discussed in terms of the model's validity and 

additional definitive measurements that might have been made in the tests. 

HR 64-29 
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INTRODUCTION 

Tin» report is   the second in a series presenting the results of a coirbined 

experimental und unalytical study of the processes that transpire during 

steady-state rocket combustion with liquid oxygen and gaseous hydrogen 

propellants.  The first report in the series detailed the experimental 

investigation with three injector types and included a qualitative dis- 

cussion of the combustion processes found to be important with each type 

(Urf.  1 ).  As noted there, specific experimental information was sought 

to aid in formulating physically realistic analytical models of the bi- 

propellant combustion processes.  The analysis that has been based on the 

experimental information concerning coaxial Jet injection, in which each 

injection element consists of a cylindrical liquid oxygen Jet surrounded 

by an annular gaseous hydrogen stream, is the subject of this report. 

The experiments, conducted in a transparent-walled model rocket motor, 

revealed that the liquid oxygen Jet« penetrated about 3 to 4-1/2 inches 

downstream of the injector where they rather abruptly ceased to be visible 

in high-speed motion pictures.  At about the same position, streak photo- 

graphy indicated an abrupt increase in the velocity of luminous combustion 

elements presumed to be representative of combustion product gases. A 

short distance further downstream, melting of the pyrex combustor walls 

began.  These phenomena were interpreted to result from a flame-front 

standing at a particular position in the oxygen-spray-laden gas flow 

surrounding each liquid oxygen jet.  A derived schematic representation 

of the atomization, jet-spreading, and combustion processes for a single 

coaxial Jet injection element is shown in Fig.  1 . 

The analyses presented and discussed are almost exclusively based on the 

concepts shown in Fig.  1 .  Imnediately downstream of the injector, the 

HR 64-2«) 
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initial liquid oxygen jet atomization, spray acceleration and evaporation, 

and hydrogen stream spreading and deceleration are presumed to t.ake place 

in the absence of direct combustion. Upstream recirculation of combustion 

gases is assumed either not to occur or to be so weak as to have no appre­

ciable affect on the important processes in this region. A resultant 

natural division of the model formulation for this injection type into a 

distinct nonburning injection region aud a subsequent, downstream com­
bustion region is used. 

A complete, integrated combustion model for t~e entire combustion chamber, 

from the injector face to the nozzle throat, was the goal pursued in this 

investigation. At many points in the model formulation it became neces­

sary to select one approach or assumption from among alternatives. In 

some instances, review of the experimental data suggested the most real­

istic choice; in others, peripheral analyses were performed to guide the 

development. Occasionally, a choice was made that was later abandoned 

because results were computed which could not be supported by the ex­

perimrntal evicence. The mo ·e important of these alternatives are 
indiented. 

C~ST AVAILABLE COPY 



MODEL FORMULATION 

Injectors for liqu1d propellant rocket combustor£; are usually based on a 

singl~ fundamental injection concept with only minor modifications or 

variations to provide for. special requirements, such as film-toolant "'or 

chamber walls and adequate ignition sources. Thus, a high··thrust rocket 

engine injector might have severaLhundred coaxial jet in~ction elements, 

~11 having identical geometric characteristics and ostensibly having 

identical propellant supply and flow characteristics, uniformly spaced 

in the a\•ailable injector face area. In the ensuing formulation, it is 

assumed that the processes downstream of any one of those elements may 

be repr.esente~ by a stream tube which is characteristic of the entire 

combustion field. The model, therefore, is based on division of the 

total in,jection area, chamber cross-sectional area along the chamber 

length and propellant flowrates by the number of elements to get equiv­

alent values per element. An additional simplification in this vein is 

the assumption of cylindrical symmetry of the stream tube about the 

element's axial centerline. 

The model formulation eonqists of determining the important processes a1n 

developing analyticul or empirical expressions to describe them. Sinct> 

a lnrg;e number of interrelated phenomena are accounted for, the system of 

equations and expressions must be solved numerically. An IBM 7094 EDPM 

program, written in FORTRAN II and based on simple stepwise progression 

do""n the length of the chamber, has been employed; conditions at a plane 

x distant from the injector were used to calculate conditions at a plunt" 

(x + 6 x) distant, from the injector. It was assumed that small E>nough 

6x increments could be used to avoid mathematical instability and accumu­

lation of significant errors along the chamber length. 

RR 61j-29 
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~O~~vJL~ING L~JECTION REGION 

Under the experimental conditions detailed in Ref. 1 , coaxial jet in­

jection of gnsP.ous hydrogen and liquid oxygen was characterized by a 

relatively low-velocity liquid o;ygen stream being comp~etely surrounded 

by a much higher vel~city gaseous hydrogen flow. At injection-end 

chamber pressures of q50 to 525 psia, liquid oxygen injection velocities 

ranged from about 50 to 100 ft/sec (depending upon chamber pressure and 

mixture ratio), while hydrogen injection velocities ranged from about 

1000 to 3000 ft/sec (depending upon chamber pressure, mixture ratio, and 

injection temperntur('). The hydrogen stream formed a cylindrical barrier, 

for at least a short distance from the injector, which insulated the con­

tained liquid oxygen stream from the surroundings. The initial liquid 

jf't atomization, ::~pray acceleration, and spray evaporation unquestion­

ably Look phtc{• in the absence of combustion. This section is concerned 

.,.·ith the model formulation for that nonburning region. 

Liquid Oxygen -Jet Atomization 

Immediately upon leaving the end of its confining tube, an elemental 

cylindrical plug of liquid oxygen finds its surface exposed to tremendous 

shear forces from the surrounding high-velocity hydrogen stream. The~e 

fore~!-! rapidly induce capillary 'Wave 'motion on the liquid jet surface. 

Mayer (Hef. 2 ) has extended an analysis of capillary waves on plane, 

deep liquids to a formulation for liquid jet atomize.tion processes. He 

6 r AVAILABLE COPY RR 64-29 



rlerived an equation relating a mean droplet diameter ,produced by wave 

amplification and crest sheud_!ng to the gas and liquj.d stream propertit>lt: * 

D mean 

1 [ 1/2]2/3 - p. (a g I fJ ) 
(9)(12){16)3 w BA ~ ~ 2c ~ 

Pg r 

{1) 

.,.·here BA is c-1 composite numerical factor including a sheltering parameter 

and a parameter dependent upon the crest configuration at the instant of 

erosion or shedding. On conct'ptual grounds, Mayer reasoned that BA should 

ht• of the orrlf~r of unity. He made a favorable parametrb comparison of 

his theoretical result withe:xperimental data {Ref. 3) on costream and 

contrastream utomi.zation of cylindrical molten wax jets and concluded 

,..ith an emplricnl evaluation from that data of BA ': 0.3. This was furth~r 

re3olved to indicate that about 1/7 of the wave amplitude is shed as a 

1 i grirnent at the instant t)f erosion and that about 70 percent of the wave 

runplitud€' is sheltered from the gas st,ream. 

Mayer's droplet size expression has been used in the model formulation to 

calcnlate the mean LOX droplet diameter being produced in the nth Ax 

increment from the injector:*~ 

( Dd ) ~ 2719.2 BA 
'- n. .1 <J 1 - .... 

(la) 

*All equations have been modified to be consistent with the units given 
in the nomenclature. Values of the required properties appear in 
Appendix A. 

*+Or of the nth spray element for instances where the atomization 
J•rocess ceases for a time and is then resumed. 

r:<Ec-·T J:uA.'l•Rt ~='cr .... ' ' L) .W: """; f"'?-~' ,.,,_ -a i 7 
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In contrast with Mayer's  exposition  in Ref.   2,  where B.   was  evaluated 

from the  entire  spray  resulting from complete jet atomization,   Kq.   la 

clearly denotes  a mean drop size  for  the  spray  produced  in a  »mall   local 

region.     For  that  reason,   the value of  B.   was   left as  an arbitrary con- 
A 

slant in the model formulation. 

Dickerson and Schuman (Ref. k)  have shown that Mayer's theory can be 

extended to provide prediction of a spray production rate.  Their deriva- 

tion was in terms of mass atomization rate per unit liquid surface area: 

-.1/3 

As   * L 
ßl Pl (P. or ) 

0l*c 
(-') 

where C. is a numerical factor related to B. in Eq. 1. 

For a cylindrical jet segment Ax long, the local spray production rate 

of the nth spray group is here taken as: 

-3^ (WAn)l-2 "  (b-8597 x  10    ) C
A DtlAx F(n) 

*ll fix 

^71 V? 

. * i 

'ti 

(2a) 

in which a suppression factor F(n) has been introduced to account for the 

combined effects of finite wave buildup time and finite tube wall thickness 

H RR 0 
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in delayniR  the atumi/u t ion  imncd lately dovriH t rt'iun of   the   injector.     A 

parabolic-   forn waH  asHiimfd: 

Hn)    = TT-r-4-r—:       ; i ^ n < c9 (3) 

Values of r and c were usually selected to suppress the atemization 

by 80 to 90 percent at the injector face and continue suppression for 

about 1/2  inch from the  injector. 

The mass  of an   individual  droplet was  given by 

Wdn    =    ZOdn^dn ^ 

so the  number flowrate  of droplets   in the nth spray group was: 

Ndn    =    ^An^  ., Wdni (5) 

According to Kq. 1 and 2, local spray droplet size increases and local 

«pray production rate decreases with decreasing relative velocity between 

the liquid jet and the atomizing gas stream. As will become a^arent 

later, momentum exchange from the high-velocity gas stream to the acceler- 

ating spray can cause fairly rapid deceleration of the gases which, in 

turn, is followed by production «»f fewer, but larger, droplets.  Very 

large droplets would later be accelerated so slowly, however, that their 

velocities over much of the chamber length might be lower than thr mini- 

mum velocities reduced from the experimental streak photographs.  There- 

fore, in the model fornulation, a maximum droplet diameter was imposed 

on the nonburning atomization process; the maximum size was selected by 

m  64-29 
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a peripheral analy»!» described in Appendix B.  Calculation of droplet 

(■izes larger than the assumed maximum was equivalent to cessation of the 

at «>ITU/.at i «in process; generally, atomization would not be resumed until a 

position in the chamber was reached where propellant combustion resulted 

in a relatively high gas velocity. 

Individual Droplet Behavior 

The behavior of an individual droplet of liquid oxygen in a convective 

gas stream is strongly dependent upon the gas streaic properties and con- 

ditions.  Three kind- of behavior were accounted for in the model formu- 

lation, viz., ballistics (acceleration or deceleration), heating (droplet 

temperature changes), and vaporization. Deviations from spherical shape, 

interference or reugglomeration with neighboring droplets, and aerodynamic 

breakup of a droplet following its initial formation were not considered 

to be of significance to the nonburning analysis. 

Droplet ballistics were described by the often-used drag equation for a 

jjphere with a low mass evaporation rate: 

ä  Ud    (3)(12) CD p^D^Kj 
dt ', 0d Dd 

Defining a variable K for the nth droplet group,* 

(6) 

K        Dnl 
Mgnl 

^ 0dnl Ddnl 

(7) 

*\Vhere gas properties are n-subscripted, those gases locally a&sociatad 
with the nth spray group are meant.  Refer to the formulation beginning 
on page 21 for a description of this a- ociation. 

10 Hit 64-29 
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I q, 0 was integrated to obtain: 

^ " 0-5 <(Kn+!)Udnl-KnUgnl 
+ 

f ^ 2 li/al 
K U  . - (K +l) U. . * i, K U  , (U   - U  )     > ( 

[_ n gnl   v n  ' dnl     n gnl v gnl   «»1 J   f 

For rapidly decelerating droplets, Kq. 8a may have a negative radicand, 

so the less accurate form, previously used in Hef. 5» was employed when 

8a) 

gnl dnl 

K     (U    ,   - lT.  ,) I (U     ,   - U .  .) I 
U =    u        + -JLJLtül dDl    I      apl änU (») 

dnU dnl .. N 

dnl 

The  composite  form of  the droplet drag coefficient   that account»  for drop- 

let  flattening at   high  droplet Reynolds  numbers   (lief,   5) «a» used: 

CDnl    =    2k  ^dn/Ü*84 'Hednl < 80 

CDnl    ■    0-271  (»•dnl)0,217    '80 ^ U'dnl < 10' 

k (9) 
Cn .     -     2 ,He.   .   i  104 V^ 

Dnl dnl 

Free-stream gas properties were i'sed in evaluating the K^ynolds numbers 

for drag coefficient calculations. 

HH 64-29 11 
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Changes in droplet bulk temperature were calculated by meana of equations 

resulting from analysis of simultaneous heat transfer to and mass transfer 

from an evaporating droplet (lief. 6): 

144 A x 
rdiü>    Tdnl  + JT)        p, , D-, . (U. I 4 U. J    X % p7  . Kdnl  dnl v dnl   dnir r  Jnl 

k, . z . Nu.. . (T, . - T, .) 
fnl  nl  Jlnl  fnl   dil 

»I 3600 (e ni - 1) 

(1/*'.) M# ^ , H .P. NU, . v     I      vnl  vnl  1  Mnl 
HT log. 

fnl 1   vnl, 
(10) 

where 

(I44)(3600)(c )   M, «,, P, Nu^, 

nl H T 

vnl 

fnl Kfnl  "Hnl 

lop 
e \K - P   . 1   vnL 

(ID 

Here the Reynolds, Prandtl, Schmidt, and Musselt numbers were evaluated 

using approximations of the droplet film properties based on an arithmetic 

mean temperature between the droplet and gas temperatures. 

For low evaporation rates, the change in liquid droplet mass across an 

increment is given (Kef. 7) by: 

dii2 dnl 

0o 
Mgnl     vnl     <Jnl       Mnl 

Iki* M    .   (U.   ,   + U.  (.v 
gnl   v   dnl dn2) 

vnl O^gnl       1 

L" p  - p 1 vnl 
(12) 
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The   term  in  brarkfts   could  become  negative   if:     (1)   the  droplet   tempera- 

ture  (and   thus  vapor pressure)  were  very   low,   (2)   the  chamber  pre8"»ure 

were very   high,   or   (3)   the  oxygen concentration   in  the  ga.-»   stream were 

high.     The  digital   computer program  formulation avoided   the   implied  oxygen 

condensation  by  not   permitting w.  „ > w.   ..     Modifications   of  Fq.    12  to J r ■    dnli dnl 
account   for high mass   transfer rates   (Ref.   7)  *»ere  n«>t   considered   to be 

necessary   in  the  nonburnmg  region. 

Evaporation  from  the   liquid  oxygen  jet   vas  approximated  bv  assuming   that 

it»  vaporization  rate   per unit   surface  area  was  equal   to  that   of   the 

last-formed  spray   group. 

Hydrogen Stream Lxpanaion and Deceleration 

At a position just  downstream of   the  injector,   the propellunt   stream-  ma> 

be  idealized as   two  concentric  one-dimensional   flows.     They   inBnediatel> 

interact with  each  other and with  the  surrounding chamber  gases,   hovever. 

to  form an exceedingly  complex bipropellant   flow  system.      Hie  atomization 

process described  earlier  is  a portion of   the  interaction.     Now,   the 

interactions  of  the hydrogen stream with  the  exterior  surroundings  and 

with the  interior  liquid  oxygen spray will  be  considered.     Occasional 

reference  to Fig.   2 may be helpful   in understanding  the  hypotheses 

employed. 

1 he  outer  periphery of  the annular gaseous  hydroge     stream exerts  viscous 

shear forces  on the  surrounding cliamber gases     setting  them  in motion 

alongside  the  high-velocity hydrogen stream.     Injection stream turbulence 

and shear-induced  turbulence   lead  to  fairly  rapid gas mixing around  the 

hydrogen stream.     In  that mixing   zone,   momentum exchanger decelerates   the 

hydrogen and accelerates  the  chamber gases.     The mixing  zone becomes 

thicker,  and  the hydrogen velocity defect  associated with  it   penetrates 
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further  into   the hydrogen stream \%;th   increusing distance   from  the   injer- 

tor.     Except  for the liquid jet/spray core  (which,  a» discussed  later, 

makes  the  prohlen. considerahly more complex by  transferring most  of  the 

depletion  in hydrogen momentum to  the   interior),   the  hydrogen stream 

behavior may  be  related   to   the  classical  gas  dynamic  problems  of   the 

free  (unconfined)  turbulent   circular jet and  the bounded  (confined) 

turbulent  circular jet. 

With both  free and bounded gas  jets  having  essentially  rectangular in- 

jection velocity profiles  (fully  developed   turbulent  flow),   the  thicken- 

ing mixing  zone   involves  more and more  of  the  jet  stream until,  at  some 

finite distance  from the   injector,   it has  g'-iwn  inward  to   the jet  center- 

line.     Denoting   that  downstream  position as  x   ,   it   is  noted   that  a  dimin- 
P 

ishing core  of  unmixed  jet stream penetrates  at   injection velocity  to x 

and   there vanishes.     The  gas dynamics  downstream of x    have  been success- 

fully described   theoretically for  the  free  jet   (Ref.  8)  and  studied 

extensively for  bounded  jets  (e.g.,   Hef.  9).     The bounded  jet  problem 

has  not yet yielded  to  complete analytical   description.     Some  results 

for   the free  jet are  (lief.   H):     (l)   the maximum jet velocity occurs  on 

the  jet  centerline and  decays   inversely with  axial  distance  from  the  jet 

source,   (2)   the jet width   increases   linearly with  that distance, (3)   the 

radial   profile of axial   velocity has  a charactoristic  shape  similar  to 

a (iaussian distribution,   and  {k)   the  total  volume of fluid   in motion 

increases  linearly with distance  from x  .     The  bounded jet  results 

differ  from the free jet  in that:     (l)   the velocity at   large distance 

downstream from x    approaches a constant  one-dimenslonal  velocity  (pre- 

scribed by mass  continuity)  rather  than approaching  zero,   (2)  momentum 

exchange at  the  jet boundary  ingests  gases which are not   freely avail- 

able  from  the  surroundings  but are  circulated  upstream from  the neighbor- 

hood where  the  jet  fills   the boundary  channel   (thus  forming an annular 

eddy),  and  (3)   the  total   mass  flowrate   is   limited  to  the   jet   injection 

flowrate. 
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The  phenomena upstream of  x     are generally well  known  from experimental 

studies  but  have  not  confirmed  a general   theoretical  treatment.    Even 

without  the   additional  complication  of  having  a   liquid core,   it  is 

apparent   that  empirical  approximations  are  required  for  a  flow model 

formulation beginning  at  the   injector  face. 

Before   statuig   the  approximations  used  for exterior  hydrogen  stream 

expansion,   an effect  of  the  gas-liquid  interaction  should be  noted. 

Momentum exchange  between  the   liquid  oxygen spray  droplets   and hydrogen- 

rich gases  surrounding  them accelerates  the  droplets  (Eq.   8a)   and 

decelerates   the  attendant gases.     An   increasing   interior cross-sectional 

area   is needed  to  accommodate   the  decelerated gas  flow;   the   surrounding 

hydrogen  stream and exterior mixing  zone must be  displaced  radially 

outward by   this   internal  expansion. 

In the  model   formulation,   the  exterior hydrogen  deceleration nas  assumed 

to  involve   increasing mass  flowrate  of hydrogen  by having  the  velocity 

defect   penetrate   to  smaller  radius: 

rj-# o ■ rJ # i ~CJ.  A« ,  x i x (13) def,2 def.l       ^1 p 

(\)...'(\) 

♦ 

d«f,2 ' def.l 

W\l  Vpl   (^f.l   -   'def,!») ^^ 
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a value of c4 from free-jet experimental results was used. The increase 

across the 6x increment of the sp~ay zone radius, r (whose evaluation 
sz 

is discussed in a followin~ section), and the decrease in mass flo,trate 

of hydrogen still having injection velocity, wii
2
p' were then used to 

calculate the effect of spray zone expansion on the radius to which the 

hydrogen stream velocity defect penetrP.~:.es: 

2 2 
wH2p2 (rdef,l - rszl) 

r = def,2 w~pl 
2 

+ r 2 BZ 

1/2 

The m..1.ximum hydrogen stream velocity was defined as: 

= ugb2 w = 0 
~p2 

(15) 

( 16) 

A linear approximation of the Gaussian velocity distribution in the 

external velocity defect flow was used to estimate the radius of the 

boundary between the cylindri.~ally symmetric propellant flow system and 

the surrounding (~tagnant) chnmber gases: 

1/2 

+ (17) 
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Downstream of x , the furthest distance to which hydrogen at injection ..... 
p 

velocity penetrates, wH2P2 = 0; continued momentum exchange with the 

spray and chamber gases must result in deceleration of the entire gas/ 

spray flow system. As noted earlier, the maximum velocity for an 

unconfined gaseous jet would decay inversely with increasing distance. 

With the liquid spray core, however, sucil a rate of deceleration would 

soon result in gas flow velocities lower than the liquid oxygen spray 

droplet velocities; droplet deceleration would then transfer momentum 

back to the hydrogen-rich gases and prevent themfrom decelerating so 

rapidly. In the model formulation, therefore, the gas velocity at the 

boundary between the spray zone and the surrounding flow was assumed to 

follow: 

(18) 

Values of the exponent, c6 , between 0.5 and 1.0 were chosen to obtain 

deceleration to velocities lower than a calculated turbulent flame speed 

upstream of the position whP-~e the abrupt velocity step occurred o. the 

strenl' photographs. 

A conceptual, schematic cross-se!!tion of the axial propellant velocities 

is shown in Fig. 2. The solid line shows the concentric, one-dimensional .. 

liq.uid oxygen and gaseous hydrogen flows with rectangular velocity 

17 
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profile»   at  the   injector  face.     A short   distance,   x.,   downstream  some 

spray has  been   formed,   resulting  in   internal   deceleration of   hydrogen 

and   radial  displacement  of   the  whole   structure.     Somewhat  further  down= 

stream,   at  x   i   the unmixed  hydrogen  jet  has just  been engulfed by   the 
P 

simultaneous momentum  requirements of   the  accelerating  spray  and  the 

external   gas mixing  zone.     The   continued deceleration and expansion even 

further downstream  is   shown at   a distance  x_   from the   injector. 

Recirculat ton 

Much   as  the Classical   boarded circular gas jet   induces  an annular  eddy 

of gases   circulated  upstream »long  the   bounding walls  and   ingested   into 

.1 mixing   /.one  around   the  jet,   chamber  gas  circulation must  be   induced  by 

the   coaxial  jet  gaseous hydrogen  injection.     Upstream  circulation  and 

eatra inment   of   combustion   product gases   in  this manner   is  usually   referred 

to as  recirculation. 

lust   what   gases   are  circulated  upstream,   their  composition,   and tempera- 

ture  may  be  critically   important  to  the   steady-state  propellunt 

rombustion  and   jr ecombustion processes.     Recirculated  combustion  product 

gas  would  provide,   as  a portion  of   its mass,   additional  gaseous-state 

oxidant   to  the   coaxial   propellant  system and would enhance,   through  its 

high-temperature   thermal   content,   heat   transfer   from  the  hydrogen  stream 

mixing /one   to   the   liquid  oxygen  spray.     This,   in  turn,   would  enhance 

th«    spray  evaporation  rate;   conceivably,   the   prop?Ilants'   attainment of 

combustible conditions  could be  greatly hastened. 

18 RR  64-29 
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Conversely, circulation of uncombusted gases could play little more 

than a passive role in the combustion chamber nrocesses.  Such a 

circulation wa-» hypothesized from the experiirental observations (Ref. 1) 

and is reflected in the schematic representation of Fig. 1.  If the re- 

circulating gases in the annular eddy are pure hydrogen, they can have 

no appreciable effect on the prupellant precombustion processes.  If, 

however, all of the hydrogen stream were drawn into the spray zone up- 

stream of the end of the recirculation eddy, the circulating gases would 

contain some oxygen; a moderately higher gaseous ovygen concentration 

throughout the gaseous mixing zone and the spray zone (between x  and 

the downstreaoi end of the eddy) should then be found. 

The current model was formulated without accounting for either uncumbusted 

gas circulation or combustion gas recirculation.  The chamber volume 

outside of i  ., (Eq. I?) was simply assumed to be filled with stagnant 

gase?* of unspecified nature which decelerated a "mixing zone" portion of 

the hydrogen stream without actually getting mixed with the hydrogen. 

These assumptions (svnonymous with a constant-mass, constant-momentum 

eddy) were unavoidable in a model based on a stepwise progression down 

the rhamber length.  The assumed structure is very nearly realistic if 

pure hydrogen gases are circulating. 

A criterion for determining whether or not recirculation forms an 

important part of the flow processes associated with a docted turbulent 

gas jet* has been developed by Becker, et al. (Ref. 10).  Vhey defined 

*A ducted jet, in general, consists of a gas stream flowing through a 
duct(t!round stream) with a gas Jet having higher or lower velocity 
injected into it, usually in parallel flow.  The bounded or confined jet 
corresponds to the case of no ground stream flow. 
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a similarity parameter, Ct, called the Craya-Curtet number and determined 

experimentally that recirculation occurred in a constant-pressure, 

isothermal, single-component system only if the value of Ct wa» less than 

3/4.  The smaller the value of this number, the stronger was the 

recirculation. 

For a confined gas jet, Ct was given as: 

-1/2 
Ct = "k[(v,',j'v2H vj"1" <"" 

The kinematic velocity (U. ) in a cylindrical duct is the space mean 

velocity, which is related through mass continuity to the initial jet 
2      2 

velocity, i.e., U. r  = U. r  .  Substituting this, together with 
9  „J  J    K w 

1  - ff p r . U .*- , into Eq. 19 gives: 
J    KJ  J   J 

Ct = 

3-1 2 

showing that recirculation or eddy strength for a confined Ras jet in a 

cylindrical duct at constant pressure is dependent only upon system 

geometry. 

The two-phase two-component coaxial injection under consideration here 

differs from a confined gas jet mainly in that momentum is transferred 

between the gas stream and the liquid phase.  The gas-phase momentum 

available for inducing circulation is thus a decaying function of 

distance from the injector.  Becker's result expressed in Eq. 19 is here 
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modified by replacing I  with (2^ I ),,.  Taking the ratio 

(T I ) /l.. = F  , the Craya-Curtet number, in a form related to 

%2    " rij2     \ /     rH!,2   
r/j2 

2 r 

Eq. 20 is 

Ct.> " I—1~^  J    lFI2 " 
rw2      /    \      ■ '^ 

The model calculations included computation of this value of the Craya- 

Curtet number at each axial position.  It was used simply as an indicator 

of the model's validity:  If flammable conditions were reached after 

Cty exceeded "5 'i, the  omission of circulation from the model was assumed 

to be a valid simplification.  On the other hand, if flammable condition! 

were calculated to occur before Ct() exceeded 1 k,   this was interpreted 

as a warning that combustion gas recirculation was probable and that 

the model calculations might be grossly in error. 

Liquid Oxygen Spray Zone 

The structure of the liquid oxygen spray zone surrounding each 

cylindrical liquid oxygen jet is not known with any certainty.  Attempts 

to determine the spray ^one diameter as a function of distance from the 

injector (by direct measurements on the high-speed Fastax motion picture 

films) gave fairly erratic results; both jet-to-jet diameter variations 

and frame-to-frame variations on an individual jet spray system contrib- 

uted to wide measurement scatter.  Further, it is probable that sparse 

droplet populations in the outermost periphery of the spray were not 

visible in the photographs.  Thus, only general guidelines for the spray 

zone formulation could be derived from the experimental work. 
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Certn nly the gas velocity in the spray zone is highest at (or near) 

its outer periphery and is lowest itmnediately next to the liquid oxygen 

jet.  This is shown in Fig. 2 as  a  continuously decreasing velocity, from 

boundary velocity .it r  to liquid oxygen injection velocity at r. 

The radial velocity profile was hypothesized in the model formulation to 

be similar to that across a boundary layer.  Since no experimental or 

theoretical information was found in the literature for a comparable 

heterogeneous lurbulent boundary layer, it was reasoned that the boundary- 

l«yer-thicke...ii(i  ve loci ty-gradient-reduc ing effects of spray in the 

gases would be or / partially offset by the opposite effects of having 

cylindrical flow.  Consequently, the spray zone velocity profile was 

assumed to be similar to that for a laminar boundary layer on a flat 

plate (Ref. 11): 

U   - U. 
gr   * 1 

I 
gh   'tj 

r - r, 

sz   -t. 

- 1 (22) 

Conceivably, a sufficiently realistic description of the spray zone 

mitfht result from assumptions that:  (l) spray zone gases are homogeneous, 

(2) all sizes of  pray droplets are uniformly mixed with the homogeneous 

gas flow, and i') liquid oxygen jet atomization and spray droplet accel- 

eration can be calculated using an appropriate mean gas velocity.  After 

an initial attempt to base a model formulation on these simplifications*. 

*Thc preceding assumptions were made together with two other assumptions: 
that the spray could be considered as mot.odi sperse and that the spray 
zone radius could be prescribed by measuremei.  from the high-speed motion 
pictures.  The calculated results showed this approach to be so oversim- 
plified that the entire line of attack was abandoned.  By far, the poorest 
of the simplifications was the use of a monodisperse spray; probably the 
nexf poorest was basing acceleration and ev.poration on a me n gas velocity 
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it was   feHred  that   too many  details of  the   spray evaporation,   gaseous 

oxygen  distribution,   and  hydrogen deceleration  processes  wer«1   being 

averaged out.     A mure  complex model   of  the   spray /one was  thus   adopted. 

Thf   spray zone  structure   in  the  final   formulation was hypothesized 

to  consist  of  thin,   cy 1 indncal ly  concentric,   annular "shells"   of  spray, 

the  new  »pray  being   »horn  from the   liquid  oxygen jet  surface   in  the 

k ^x-increment   from  the   injector was  considered to  occupy  an annular 

space   immediately   adjacent  to  and   surrounding   the   liquid   oxygen  jet 

(Fig.   3«).     To make   room  for  this  new spray,   the  spray formed   in  the 

(k-1) Ax-increment   (upstream)   had  to   have   been moved  out   radially 

into a   larger-diameter  annulus.     Succefesively  older   »pray elements were 

pre»umed  to  be   flowing   through  annuli   lying   further  and   further   radially 

outward  from  the   liquid  jet with  the earliest-formed  spray occupying   the 

outer   periphery  of   the   spray  zone. 

Consider  the   »pray  element  being  formed   in  the  k ^x-increment:    Since 

it   is new spray,   there   is  no gas  flow associated v;th  it;   the  nearest 

available gas   is  that  flowing   in the  (k-1)       spray element.     The  energy 

for  atomizing   and   the  momentum  for   accelerating   the   k       spruy group 

must  be  derived from   influx  of  some  (or  all,   or even more  than   all)   of 

the  gas  previously   surrounding  the   (k-1)        spray droplets.    That gas  must 

then  surround  the  k       spray element  droplets  to  provide   spray momentum; 

in  so doing,   the  composition,   temperature,   and  velocity  of  the   gas  are 

changed by   its association with  that new  spray. 

At   the   same   time,   the   (k-l)       spray  droplets must be  displaced   radial lv 

outward  by  the deceleration and expansion  of  their  former gases   that 

are   being  transferred  into  the  k       spray  group.     But Eq.   22 states 

that   the gas  velocity   is  higher at  the   increased  spray zone  radius,   so 

the   (k-1)       droplets  will   be  accelerated.     An  influx  of  gas from the (k-2) 
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spray element   is  thus   required,   both  to make  up for   the  gaa  transferred 

inwardly  and   to  provide   the   increased   liquid  oxygen   spray momentum. 

Continuation  of  this  conceptual  process   leads   to  the  already obvious 

conclusion  that  the   outermost   spray groups   require   an   influx  of   hydrogen 

to  satisfy their gas  mass  mid mumentum requirements. 

Spray  /one   structure  was   computed  by  means  of   a  complex  portion   of   the 

digital   computer  program.     The   programmed   equations   constitute   a  detailed 

system  for ensuring   continuity  of mas*  and  energy during   the   interelement 

gas  exchange   processes.     Since   the   accounting   system  is not of   direct 

interest   to  the  combustion  processes  per   se,   only a   description   of   the 

conceptual   bases  of   the   spray  zone   solution need be   developed  here.     This 

is  accomplished   in   the  next   few paragraphs  by   including   this portion   in 

a complete  summarizat   >n  of  the computer  model   calculation scheme  for 

the  nonburning   region. 

Summary  of Model  Calculation Scheme 

As  previously  notid,   the   digital  computer   program  is   based  on using 

knowledge  of  conditions  at  a  plane   x.   to  calculate  the  conditions  at   a 

plane   x,,,   a distance        Ax  downstream.     A   simple   stepwise   progression   is 

used;   the  value  of        A.   is  j   esumed  to  be   small  enough   that    mathematical 

instabilities   and accumulation  of  appreciable  errors   are   avoided. 

The  program first calulates   liquid  ox>gen  jet  atomization,   if  the maximum 

droplet  diameter   is  not  calculated  to be  exceeded.     The  acceleration  (or 

deceleration)   of  each  group of   spray  droplets   is   then computed,    followed 

by calculation  of each group's  evaporation   rate.     Next,   the momentum 

changes   of   the   spray   droplets   and  new oxygen vapor are  summed  to 

obtain an estioate  of   how much  hydrogen must  be   decelerated and  mixed 

into   the   spray  zone.     That   information  is   used   to approximate   the   new   spray 
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zone  radiut« and  boundary velocity which are   then used   in a   HHIKI«' 

iteration of  the  procedure  to obtain an  improved  eHtimate of  8pray /.one 

radius. 

The   total   spray  zone  area  is apportioned amon^   the   individual   Hpray 

elementH  on a basis  of propoitionate  combined gas and  spray  mass  flow- 

rate.     The downstream  radii  of  each spray  element   annulus are calculated, 

and a new mean gas velocity associated with each element is   then  computed 

using  its mean downstream  radius.     The   resultant distribution of  spruy 

element areas  and  gas   velocities   is  assumed   to  be   inviolably   determined 

by the downstream spray zone radius and  boundary  velocity. 

The  gas exchange   and mixing  processes   shown   in Fig.   3  are  then calculated, 

beginning  with  the   last-formed  spray group and  proceeding  radially  outward 

to  successively  older   spray groups.     The gas  flowing  out of   an element 

is  presumed  to   result   from mixing gases   from   three   sources:      (l)   that 

which  flowed  into  the   element  from upstream,   depleted  by  the   amount 

required  by  inlying  elements,   (2)  evaporation of  spray  flowing  through 

the   element,   and   (3)   gases   required   from outlying  elements.     Each   cal- 

culation  proceeds  as   if  the  first  two  quantities  are   invariant;   the value 

of  the  third  is   adjusted by     iteration  until   the  gas mixture   flowrate, 

temperature,   and  density  satisfy   the   prescribed exit   velocity  and   area 

requirements.     Equations  providing  for  mixing   among   the   three   stre<ims 

while  preserving   continuity   of  hydrogen  and  oxygen    mass  flow and  energy 

were   required.     The  physical   and   thermodynamir   properties needed  for  solving 

the   spray  element  mixing equations are   detailed   in Appendix  A. 

The   initial  conditions  for  the  spray zone  are  preserved,   so   that   if  the 

calculation results  are  unsatisfactory,   an  appropriate   adjustment  can 

be made  and  the   calculations  reperformed.     Two  types  of   readjustment 

are  very commonly encountered:     (l)  a   spray  element may need  to acquir^ 
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additional gas* fluw when there is none available (successively smaller 

values of spray zone radius aust therefore be assumed and the spray 

element areas, velocities, and gas exchange» be recomputed until the 

requirements are satisfied and mass balances); and (li) excessive gas flow 

may be calculated to exist in the spray /one, usually because of 

deceleration to gas velocities lower than spray eler it velocities. 

In this case, the spray zone radius is increased to accomodate more gas 

at the lower velocities, and the spray element areas, velocities, and 

gas exchanges are recomputed. 

After a satisfactory solution for spray zone structure has been achieved, 

the external hydrogen stream expansion and deceleration are computed. 

Changes in spray droplet temperatures are calculated.  Finally, an 

overall momentum balance is used to calculate the change of static 

pressurn across the  ^x-increment. 

The calculated conditions at the downstream end of the Ax~increment 

are examined for fulfillment of combustibility criteria.  If the criteria 

are met, the nnnburmng model is replaced by a combustion region model; 

otherwise, the calculated results are used as initial conditions for 

extending the nonburnmg region over another  ^ x-increment. 

CONDITIUN^ FOR COMBUSTIBILITY 

In Ref. I, it was stated that "at least two criteria must be satisfied 

before a flame can penetrate the spray zone and combustion can be 

sustained:  first, enough oxygen must have evaporated so that the 

gases within the spray /one are flamnable (perhaps 5 to 7 volume percent 
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oxygen), and second, the axial ga» velocity must be equal to or less 

than the turbulent flame speed, or else an established cjmbus^io. 

would be swept downstream."  Further discussion developed the probability 

that any fl.imi- resulting from ignition in ehe interior of the spray zone 

is not a steady- state possibility so long as any of the nonburning spray 

zone gas ia flowing at velocities in excess of the turbulent fltime speed. 

This led to the suggestion that a third condition for combustibility 

might be the existence of a strong stabilized flame source, such as a 

continuous eddy of rei irculating combustion gases surrounding the spray 

zone. 

These three conditions were used in the modi 1 formulation for determining 

rombust ibi 1 Hy of the spray zone gases.  The third condition was satisfied 

by requiring that the ges velocity in the outermost spray element which 

still had unevapovated liquid oxygen spray in it not be greater than the 

calculated turbulent flame velocity.  If the gas velocities throughout 

the spray zone were below the turbulent flame speed, combustibility was 

considered to be satisfied when the oxygen concentration in any spray zone 

element satisfied the flammabi 1 ity limit criterion. 

The values fur the upper flammabi1ity limit for gaseous oxygen and 

hydrogen mixtures used in the model calculations ranged from 5 to 8 

volume (or mole) percent oxygen.  The turbulent flame velocity was 

assumed to be dependent only upon pressure: 

Ut -  a Pl/2 (23) 

A detailed discussion of the selection of these relationships is given 

m  Appendix C. 
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COMBUSTIOS REGION 

At that position in the combustion chamber where the spray zone com­

bustibility requirements are satisfied, the nonburning injection region 

model is replaced by a combustion region model. Some general featuree 

of this region's structure are discussed briefly before the details of 

the model forcnlation are developed. 

1nit.ial condition!'~ for the combustion region are established, and these 

are used to en leu ln te conditions one 6x-increment further down the 

chamber. The mndf'l calculations thus continue stepwise along the length 

of ~1e chamber in the mnnner previously discussed. 

Flame Spreading 

Sine€' t.he tlxial gas velocities within the spray zone must be lower than 

the turbulent .flllme speed, flame should propagate from the point of 

ignition acro:-;s the entire spray zone within an axialaistance that h 

of the order of the spray zone thickness. With injection element spacings 

on the order of 1/2 inch, spray zone thicknesses of the order of 1/8 to 

l/'• inch appear reasonable. The chamber length associated with flame 

spreading through the spray zone is thus only a very small fraction of 

the chamber length; simplification-to the assumption of a plane flame 

front acrosA the spray zone at the position of first combustibility thus 

appears to be justified.* 

*Some- model calculations were performed in which ignition was provided 
for only in the gases directly against the liquid o~-ygen jet and, even 
thou:z;h th{' oxy~en concentrations in the outer elemt»nts were too low to 
>~ntisfy flnmmah i li ty, expansion of hot gases out of the core of the spray 
~:one increased the spray gasification rates such that the combustible 
region spread radi~lly outward as rapidly as the more likely inward 
propagation. 
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Spray Zone Combustion 

Superposition of combustion on the annular-shell structure of the 

n0nburning spray zone appeared to impose jnsurmountable difficulties. 

TIIP heterogeneous combustion probably generates intense local turbulence 

(Her. 12) Lhn t, would invalidate sttch an anolysi s in any case. The 

contents of the nonhurning spray zone elements, therefore, were considered 

to be thoroughly mixed upon passage through the standing plane flame 

front. The mixed gases were presum~d to burn, resulting in a one-

dim{ n~d onnl flow of combustion gases with all of the sprayH uniformly 
mixed in it. 

ThP combustion process was accounted for in an indirect way similar to 

that used for liquid oxygenfltP-1 propellants earlier (Ref. 5). At each 

local axial plane across the spray combustion zone, the flowrates of 

gHsf'ous hydrogen and gaseous oxygen that had been mixed to form the 

comlnu:'ltion gas stream were considered to have reacted to thermodynamic 

equj Ubrium, stagnation conditions, and then to hnve been accelerated 

isentropically to the local flow conditions. This permitted considerable 

simplific~tion of the combustion model in that all of the desired 

combustion gas properties could be tabulatea (or curve-fitted with 

polynomials) as simple fuu~tions of local gaseous propellant mixtur~ 

rntio. The results of cornplete thermochemical performance calculation 

programs are tlmE used without introducing the complexity of those 

calculations into ·~.he coml:ustion model. In Appendix D, values of the 

combustion gas properties so used are given. Other physical, th~rmodynamir, 
and transport properties required for the solution ot the combustion 

model are also given in Appendix D. 
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Transverap Inhomogene 11»es 

The (-omhustion region model U en must account for three concentric flow«: 

(l) any residual liquid oxygen jet that penetrates as far downstreiun u^ 

the combustion region, (2) the »pray combustion /one, and ("5) any residual 

hydrogen stream or other gas flow which surrounds the spray combustion 

zone but does not itself contain liquid oxygen spray.  The model formul- 

ation consists of expressions for the interaction and mass transfer 

between the spray combustion /.one and the liquid oxygen jet and between 

the spray combustion zone and the surrounding gas flow, as well as for 

the internal behavior of the latter two streams. 

In general, tw.t kinds of inhomogene i ty might be expected to occur and 

persist for some distance axially into the combustion region.  The first 

is implied by recognition of a gas stream that does not contain spray. 

Initially, this stream  ay have been only slightly more fuel rich than 

the gases in the spray combustion /one.  Further downstream, however, its 

fixed composit ion will become more and more fuel rich with respect to 

spray combustion /.one gases because of continued oxygen spray gasification. 

The second kind of transverse inhomogeneity must develop within the 

spray ctimbustion zone as a result of accelerated atomi/ation and gasi- 

fication of the residual liquid jet.  The atomization equations, (Eq. la 

and Ja), show that a moderate velocity increase resulting from burning 

the gases suiiounding the liquid oxygen jet will both increase the jet 

atomization rate and decrease the mean droplet size being produced. 

Further, the gases surrounding the spray droplets are at elevated 

temperature so that increased heat transfer to the drops hastens their 

gasification.  A residual liquid oxygen jet containing a large portion 

of the injection flowrate may thus be atomized and gasified fairly 

rapidly in only a short segment of chamtor length to form a highly oxygen- 

rich core in the spray combustion zone. 
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Both of  those  kinds  of   inhomoppneity   in  the  propellant   combustion  field 

will  be  degraded,  with   increasing  distance  from  the   injector,   by 

turbulent mixing   processes.     Whether  a completely mixed,   fully burned 

equilibrium  combustion chamber exhaust   gas  (which  is desirable   for 

maximizing   performance  efficiency)   is  achieved must  ultimately be  deter- 

mined  by   this   type  of gas-phase  mixing. 

In   formulating   a model   of   the  combustion  region,   an  accounting   for  both 

kinds  of   inhomogeneity  appeared   to  be   inordinately  complex,   if not 

intractable.     The   further  simplification was   introduced   that   the  oxygen 

spray  and  vapor   resulting   from   liquid  oxygen  jet   atonu/ation   is  continually 

mixed uniformly  with  the  other  spray  and combustion gases   in  the  spray 

combustion  zone.     Only   turbulent  mixing  of  the   surrounding   fuel-rich 

gas  stream   into   that  oxygen-rich  zone   then was  considered.     As  a  result 

of  this  simplification,   it was necessary to provide   for  accentuating  the 

apparent efiect  of  the   latter  proceFs  by diverting  some   of   the  nonburning 

spra}   zone   gases  around  the  flame   front  and  into  the  surrounding gas 

stream.     Vhile   some   such  process m«y  actually  occur,   its  accentuation 

here  should  be  considered  as  an artifice  to compensate   for  the  simplifica- 

tion concerning   the  absence  of  an  oxygen-rich  core   in  the   spray  combustion 

zone. 

Initial  Conditions 

The   three  concentric   streams  referred   to previously were   initialized at 

the  end  of   the  nonburning  region.     The   liquid oxygen jet   flows  from one 

region   into   the  next without  change.     Similarly,   the   liquid  oxygen spray 

lements  are  unchanged with  respect   to  sizes  and numbers  of  droplets, 
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but they are no longer pre*iimed to be separated into annular strata. 

Before initializing the spray combustion /one gas flow, a portion of 

the gas of each nonburning spray element was diverted radially outward 

into the surrounding gas stream.  The proport»on of gas flow to be 

diverted out of the nth spray element was arbitrarily taken to be: 

div ,n 

where  k  represents the number of spray elements that still contain 

unevaporated spray, with the  k   element lying next to the liquid 

oxygen jet.  The flowrate of gases into the spray combustion zone is 

then: 

*  .  = /    *  i  U - F,i    \ cgl   ^   «nl       div.n) (1.'5) 

and the amount of oxygen in that gas is 

k 

VjCgl L.      Vjgnl     Wgnl     ^  " Fdiv,n^   /Mgnl ^,6^ 
^ n«l ^ 

By  simple mass  cortinuity relationships,   the  flowrate   and  oxygen content 

of  the   surrounding gas  stream are   then  determined. 
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The  actual   combustion  of  the   spray  combustion  zone  gases   is ronnidered 

to  take  place  across  the  first  combustion  »-egion        ^x-increment   so  that 

the   initial  conditions  are   still   nonburmng.     The   statir   pressure, 

therefore,   is most   likely  the   same  as  that   last  calculated  for   the 

nonburning  region.     Continuity  of momentum  then  requires  that   the   spray 

combustion zone's  initial   gas  velocity be: 

r 
cgl 

r k 
7^     i     ( L    «nl 

1   -  F^ )    u     , div.n'       gnl 
n-l 

cgl 
(27) 

The cross-sectional area required for this gas flow is then 

'  1 C£l 
cgl   p ,  U 

cgl   cgl 
(28) 

where  p is  obtained   from  a     perfect  gas   law  relationship: 

cgl 

144  P,  M    , 
1—LÄi 

R    T cgl 
(29^ 

requiring   that   additional   mixing  equations,   paralleling Eq.   lib,   be  employed 

to  obtain T     ,   through  thermal   continuity, 
cgl 

Another  set  of equations,   similar  to  those  used  for  the   spr.y combustion 

zone  gases,  was written  for   simultaneously obtaining   initial  values  of 

the   surrounding gas   stream  flowrate,   composition,   temperature,   density, 

velocity,   and  flow  area. 
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If the -um of the liquid oxygen jet, spray combustion zone, and gas 

.-treaiii flow areas thus calculated exceeded the total cross-sectional 

area available, the two gaseous flow areas ./ere reduced proportionately 

to make that sum equal to the chamber area per injection element.  An 

iterntive procedure was then used to lower the static pressure and in- 

crease the gas velocities until overall mass and momentum continuity 

relationships were satisfied. 

Liquid Oxygen Jet Atomization 

The equations presented previously for liquid oxygen jet atomization 

rate and local mean droplet sizes produced in the nonburning region 

were used as well in the combustion region.  The one-dimensional 
i        i 

(ombustion gas velocity aid density replaced U  and p in Eq. la 

and -'a.  The previously imposed maximum droplet diameter was also 

honored in the combustion region, so that atomization could continue 

(or be rtsumed) within a particular  Ax-increment only if droplets smaller 

than that maximum were to be formed. 

In the Fortran formulation of the compr.ter program, storage locations 

vere reserved for a maximum of  100  individual spray groups.  This was 

believed to be a sufficient number for most practical systems since it 

would account, for example, for liquid jet penetration to a minimum of 

5 inches from the injector if  Ax were 0.05 inch, or to 10 inches if 

b\  were 0.10 inch.  If the conditions or controls had been chosen such 

that some unatom^ed liquid oxygen jet were computed to survive past 

the formation of  100 spray groups, all of that remaining jet was 

dumped into th^» 100th spray group; while this is certainly unrealistic, 

it permitted the machine calculations to continue without using values 

for variables taken from storage corresponding to entirely different 

variables. 
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Individual Droplet Behavior 

The dynamu- behavior of all the droplets in each size group, during their 

passage through u given  /^x-increment, was calculated using equations 

related to Eq. 6 through 12.     Droplet ballistics were determined directly 

from Eq. b through 9 using combustion gas properties wherever the 

subscript "gnl" occurs there.  Similarly, changes in droplet bulk temper- 

ature were evaluated by means of Eq. 10 and 11.  Droplet mass evaporation 

rate.-« were calculated by an equation related to Eq. 12 but derived for 

high evaporation rates into a gas stream that does not contain any of 

the evaporating species  (Ref. 6): 

w    = w 
dnL'    dnl 

li n M.^, D. . NIL. , P. A. 
 v vnl  dnl  Mnl  1 

" RT , (U. , + U. J 
gl   dnl   dnlr 

Lo MT vnl, 
(30) 

Not ing from Eq. 29 that the terms ß g  {ikk H  )   in Eq. L2 and Pj (RT ) 

in Eq. "^0 are equivalent for a perfect gas reveals that these two 

evaporation equations differ only in their terminal bracketed terms. 

If the local static pressure exceeds the critical pressure of oxygen, 

it ha» been predicted that nearly all of the heat transferred to the 

liquid oxygen spray droplets will be absorbed as sensible heat of the 

liquid rather than being returned to the gas htre<un as latent heat of 

vaporization (Ref. 0 and 13).  Droplets entering (or formed within) the 

»pray combustion zone thus may be gasified by transient heating 

through the critical temperature rather than by quasisteady-state surface 

evaporation.  The process was included in the model formulation by 

abruptly adding to the combustion gas stream the mass flowrate of any 

spray group calculated to have droplet temperatures exceeding the critic. 1 

temperature of oxygen. 
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Turbulent Gas Mixing 

In addition to  the   liquid  oxygen  >pray gasification,   the  coabuation g' H 

flowrate may  be   increased  by  admixture  of gases   from  the  surrounding gas 

stream.     A rather gross  approximation  of   the   turbulent mixing  bttween 

these   streams was employed   in  the model   formulation:     a total   turhilent 

■ixing   length,   1    ,   was   selected by examination of  the velocity  vs  chumber 

length  plots  of Ref.   1,   and  the  surrounding gas   stream flowrate  was 

diminished  linearly with distance  over  that   length.     The  combustion gas 

flowrate was  thus: 

w =    w 
cgl» egl 

(v    .).      Ax k 

-J47     +    I    Knl-Wdn2)Ndn      ^ 
1 n«l 

and the surrounding gas stream flowrate was: 

(w ,)  Ax 
*     * I5p  (32) 
gsU     gsl       L. v  ' 

This type of mixing was presumed not to occur unless the propellant flows 

filled the available chamber cross section. 
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Spray Zone  Combustion 

It was noted earlier   that   prupellant   c-ombustiun was  accounted   foi   in 

the model   formulation  by  considering   the   local   propellant   flowrates   to 

have  reacted   locally   to   thermodynamic  equilibrium  stagnation  conditions, 

dependent   (for  a given  range  of  chamber  pressures)  only  upon  the   local 

gaseous  propellant   mixture  ratio.     This  requires knowledge  of   the  equi- 

valent   flowrates   of   oxygen and  hydrogen   that   resulted   in   the   combustion 

gas   stream: 

02ct2        (ygl ^  
gsl      t 

I      ^n. - "dnl!»  Ndn (") 

n.l 

- - 

" ... - J12ÜÜ (^) CgJ 
* w 

H2rgli 

The  stagnation properties  of  the  combustion gas were   then  found as 

detailed   in Appendix  D. 
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(T     2)0 h        ^.„2) 

^«2 3M    ^Rcg2' 

^0^2 

H-sz 2 

^y (Rcg2) 

i ^cg2) 

(36) 

k     Q      "     fk      (B     Q) 
«• 

Static  conditions  for  the  flowing combustion gas obtained  from  isentropic 

flow relationships: 

T    ..    =     (T    J 1  - eg2 v  cff2/o 

y      - 1 eg 2 
2 

^acg2^o [ 
>   ., (T    J    Rg eg.-      eg 2^   ^c 

M    „ 
eg 2 

eg2/o/ 

1/2 

(37) 

(38) 
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('omhustion <if the Surrounding Gas Stream 

The initial oxygen concentration in the gas stream surrounding the spray 

combustion zone was. compared to the upper flammability limit for deter- 

mining whether this stream would be burned or remain unburned.  If the 

stream were incombustible, the ga* stream stagnation temperature and 

stagnation pressure were assumed to remain constant and equal to their 

initial values at all downstream positions.  This is equivalent to ignor- 

ing heat transfer into the gas stream as it flows axially along the 

(bamber. 

For the burned gas stream, the stagnation pressure was taken to be the 

initial value, but the stagnation temperature, stagnation velocity of 

sound, molecular weight, and ratio of specific heats were determined at 

tue beginning of the combustion region in the same way the spray zone 

■ ombustion gas properties wore obtained.  Since no source was provided 

for mass transfer into this stream, the values for those variables 

determined upon first combustion were assumed to remain invariant through- 

out the succeeding flow. 

Area Distribution, Gas Velocities, and Chamber Pressure 

Until the total available cross section of the chamber has become filled 

with flowing propellants and combustion gases, gas generation mil heat 

release can be absorbed by transverse expansion without large gas 

velocity or pressure changes occurring.  Although equations were included 

in the model formulation for computing the progress of such combustion, 

only a short segment of a conventional rocket combustor's chamber length 

is needed to achieve full flow, so the details are omitted. 
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When the chnmber has become filled with axial propellant and combustion 

gni' flow, continued gasification of liquid oxyn,>:!n and combustion reactions 

h('tween unUke gas strenms muflt necessarily refult in acceleration of 

t.lw flows and, simultaneously, in lowering of the static pressure. The 

crogs-sectionnl nrea~ and velocities of the two gaseous streams and the 

pre!'sure- are nll unknowns and are all interrelated. 

Thr com1ustion region model solution was based on approximating the 

distribution of the chamber cross-sectional area among the liquid 

oxyg,.>n .jet, th(' sprny combustion zone, and the surrounding gas stream 

hy n~suming initially that the pressure and flow Mach numbers across the 

~x-increment are con~tant. Estimates of downstream gas densities and 

velocities were thus obtained and, from mass continuity, the required 

cross-Rectional flow areas calculatt>d. In general, the sum of those 

cnlculnted areas shonld exceed the total chamber area, so the two 

gnseous flow nrens were reduced proportionately: 

A cg2 (39) 

(lto) 

These approximations were used as starting values which were continuously 
modified durin~ a subsequent iterative calculntion of the two gas 

stream d~nsities, velocities, and chamber pressure at plane 2. 
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The   iterative   procedure   began with  an entiaate  that: 

(P2).at     -     '"I (4" 

from which 

ikk  <P2)est Mc«2 
P 

and 

cg2 R T    „ cg2 

144  (P,,)     .  M ß 2/e8t    g 
g82 R T     0 

144  W    ., 
U =     |i2 

C«2 Pcg2  Acg2 

H 

144 w    „ 
U -     ^ 

^g92       g82 

(42) 

(43) 

which  results   in a  total   propellant  momentuo  of: 

Z1.»  "  (*•     o U    o ♦ *    o  u    o   + *»   o U.     )/g     ♦ 2       x   cg2     cg2 g82     g82 tj2    Cji^^c 

k 

W(l728)  i L      Pdn2 l)3dn2 l'dn2 ^dn ^ c       n=I 
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Therefore, 

Pl     *    -A 

2 {Zl2 - EIj) 

+ A    0 ccl        cc2 
m 

The  gas   stream   flow  ha-   been   ansumed  to  be   isentropir.    An   inversion 

of   the   isentropic  pressure relationship gives: 

%**      ('..)..< y    - ! '"fe) 
) 

(W) 

Also, 

T    .,     =     (T    ) 1 - 
g* /      gsL* 

^     " V   (a    ) (W) 

so   that , 

^  P. Mgs2 

^gsJ H   I 
gsü 

U8) 

Derived   from   the   steady-state momentiim equation: 
- 2 

I.     +    P.   A      * PdA 

uith   the   linear  approximation   that 

I2     *     P2  A2 

■> 

PdA P,  >   P.. 
Jl 

(ILUl)   (A.,   - A.). 
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and finally: 

«82 

IV.  w 
gwL* 

^«82 Ug82 
(49) 

cg2 

cg2 

T c«2 

?g2 

=    A 
cc2    "     ^2  " Ag82 

cgJ 
Pcg2 Acg2 

(Tcg2)o 
i    1*MZ -   /^£i2, 

'     2      luTF \ cg2'o< 

L44 P. M 

R T    0 cg2 

rg2 

(50) 

(51) 

(52) 

(53) 

All  these newly  calculiited values  of combustion and  surrounding gas 

stream  properties were  then  used  to  re-enter  the   system  of equations at 

Eq.   kk   to obtain modified values  of  the  propellant  momentum  sum,   chamber 

pressure,  etc.     Experience   showed  that  the  solution usually ccnverged to 

constant values  after  four   or  five   iterations;   the   formulated  computer 

program employed  seven  iterations. 

Values   for  all  parameters  of     interest, having  been  calculated  across 

an im cement  of   chamber  length,   they were written  out  and  then used ai 

initial  values  for calculations  across  the  next  increment.     This  process 

was continued until  either   the  throat  position  in  the  combustion chamber 

exhaust  nozzle was  reached  or  the  combustion gas velocity exceeded  the 

local   sound  velocity.     While   these  two criteria for  terminating  the model 

calculations   should  actually  be  synonymous,   there   are  valid  reasons  that 

they may appear  to be  different.     First,   the  model   computations  start 
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from the injector face with prescribed valuer of chamber pressure, pro- 

pellant flowrates, and chamber and nozzle configurfttiona.  The preHtribed 

values may be incompatible, e.g., assumption of too high an injection 

end chamber pressure (or too low a flovrate or too large a throat) would 

result in calculation of subsonic gas velocity at the geometric throat. 

Conversely, assumption of too low a chamber pressure, etc., would give 

sonic gas velocity upstream of the geometric throat.  It may thus be 

necessary to modify the prescribed initial values for the two criteno 

to come acceptably close to occurring at the same axial location. 

Combustion Chamber and Nozzle Configuration 

The crosa-sectional area per injection element of the combustion chamber 

and nozzle convergence must be specified as a function of distance from 

the injector.  For the transparent two-dimensional combustion chamber 

employed in the experimental investigation (Ref. 1), these areas are 

somewhat in doubt because of pyrex liner melting.  The initial pretest 

geometry was modified as detailed in Appendix E to provide input values 

for the combustion model. 
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CALCUUTED RESULTS AND DISCUSSION 

BEST-FIT CASES 

The selected model  calculation results,   which have   been   found  to most 

nearly  duplicate  the  experimental   information,  are  presented and discussed, 

The reasons   for the  particular valuation of   some  parameters  are   indicated. 

initial   Model   Conditions 

The majority   of  the  combustion model  cases calculated have been with  ini- 

tial  conditions duplicating  the experimental   inject ion-end conditions  of 

one  of  the  two    experiments  that yielded essentially complete  experimental 

information,   i.e.,   tests 417  and 431.    The   initial   model   conditions  for 

these  two cases are  sunmanzed  in Table   1. 

Injection-end  chamber  pressure was  not measured during either  of  these 

tests;   the values  found  to result   in model-calculated prensures  that  match 

the measured pressures   further  downstream are given   in the  table.     Fur- 

ther,   the pressure   listed for  test  417  i»  100 psia   lower  than that   re- 

ported   in Ref.   1  because  the  model   calculations corroborated  an apparent 

discrepancy between measured parameters   indicated  there. 

Values  Selected for Arbitrary  Constants 

The chamber   length   increment  was  taken as & x  ■ G.O^   inch on   the  basis 

that   100  increments  (and,   therefore,   100 spray groups)  would permit   atomi- 

zat ion   to proceed over  a minimum of  3   inches  of chamber   length. 
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The atomization constants were taken as B. « 30, C. ■ 0.15, c. = 5.0 and 

c0 ■ 10.0 (Lq. la, 2a, and 3). This value of B ia two orders of magni- 

tude larger than that recomnended by Mayer (lief. 2); it was necessary to 

avoid fonninK such extremely small spray droplets Miat their acceleration 

would result in very abrupt deceleration of the hydrogen stream.  Further, 

it was also necessary to avoid such rapid evaporation of oxygen that com- 

bustibility requirements would be satisfied very near the injector.  Mayer 

indicated that in Kq. 1 the importance of liquid viscosity may be over- 
-I/3 

emphasized, i.e., that B may depend upon ^     .  Because the liquid 

waxes used in Ref. 3 were 20 to 70 times more viscous than liquid oxygen, 

this effect may partially account for the very large \alue of B required 

here.  As noted earlier, some additional difference might be expected 

because Mayer's evaluation of B. was ba^ed on a mean droplet diameter for 

the spray, and it is being used here to calculate a local individual 

droplet diameter.  The value of C. is toward the high side of the range 

recnnmended in Ref. '*. 

The rate of decrease of the apparent radius of a hydrogen stream core 

still having injection velocity was controlled by taking c. = 0.11832 

in Kq. 13«  The subsiquent deceleration of the boundary between the 

spray zone and the surrounding flow was fixed by the exponent in Eq. 18; 

a value of c, = 0.65 was used. As noted earlier, this exponent would be 

unity for a free jet; a value lower than unity seems likely to result 

from momentum exchange to the decelerating g^ses from concurrently 

decelerating liquid spray. 

The maximum sprty droplet size was selected as 230 micror.s, as detailed 

in Appendix B.  Combustibility conditions were taken as 8.0 mole percent 
1/2 

oxygen and U - 12.0 P / .  (This latter equation gives flame speeds 

approximately 'i0 percent higher than the turbulent curve in Fig. C-l.) 
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The  fractions of  nonburning  spray zone ^ases diverted around  thv  flame- 

front  and  into the  ({as  stream burrounding   the  spray  combustion   zone   (Eq. 

2^»)  was  determined  by c_  -   0.35;   the  particular  value was  selected  to 

limit  the amplitude  of  the abrupt combustion gas velocity  jump  when  con- 

ditions  comparable   to  test ^31  were  calculated.     The  total   turbulent 

mixing   length,   1 9  inches,   was also  ^elected primarily  from  the  experi- 

mental  velocity profile  of  that  test. 

Nonburning Region 

Structure.     The propellant  flow structure   calculated  for  comparison  with 

test   'i 17  is   shown   in Fig.    i.      (Note  that   the  radial   scale   it   enlarged by 

2-1/2 times   compare''  to  the  axial   scale.)     As may be   inferred   from the 

number  of annu.'ar  gas-spray mixture  groups,  primary  atomization  of   the 

liquid oxygen jet  was calculated to have  proceeded over  approximately  the 

first  3/'»   inch from  the   injector and then  to have  ceased.     The   first 

formed  spray  groups  were  calculated to have been accelerated rapidly  and 

thus  to  have  decelerated   large  fractions   of  the hydrogen  stream,   with a 

resultant radial  expansion  of  the decelerated gases.     In  fact,   the  en- 

tire  hydrogen stream  flow was very rapidly  engulfed by,   or drawn   >nto, 

the  expanding  spray  zone. 

It   is   interesting   to  compare   tin     calculated structure with nonburning 

experimental   observations  of  coaxial   jet   injection.     Figure 5  shows   two 

microflash photographs  of a  cylindrical   liquid  nitrogen strewn   injected 

into ambient  air  (Ref.   14).     Only  the  3/H>-inch diameter   l;quid  nitrogen 

jet was  flowing in  Fig.   5a,  while an annular gaseous helium flow (from 

a  32'3-psig  source   tank)  surrounded   the   liquid nitrogen jet  in  Fig.   5b.     The 

liner atomization   imposed  by  the helium  flow is  apparent and  the corres- 

pondence  between   th<?  observed  outer   spray   boundary   there  and   the  calculated 
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■ tructure in Fig. k   is rtnkmg.  It »as noted (Ref. Ik)   thut an unatooized 

liquid core appeared to persist for some inches further downstream with the 

helium flowing than without it.  In another experiment, two parallel cyl- 

indrical jets of water, spaced 0.51  inch apart and surrounded by coaxially 

injected gaseous nitrogen, were observed to maintain their identities as 

separate liquid jets for about 18 to 20 inches before jet instability 

eventually led to rather coarse atomization (Fig. b).  These experimental 

otdervat ions lend su,nort to the calculated cessation of surface shear 

atomization a short distance downstream of the injector. 

Liquid Ox>gen-t'et Atomization. The calculated mean sizes of spray drop- 

lets produced locally by the surface-shear, wave-crest-shedd ng mechanism 

(Fig. 7a) remain constant as long as some hydrogen stream persists at in- 

jection velocity; it becomes larger as the spray zone boundary velocity 

decays, 

The distributions of spray mass produced among all the droplet sizes are 

shown in Fig. 7b.  The initial sizes and mass atomization rates were used 

there without accounting for reductions due to vaporization.  Figure 7b 

is plotted on a normalized or reduced diameter basis to facilitate com- 

parisons with standard distribution functions.  The three mean diameters 

noted in Fig. 7b were derived from the calculated droplet masses using 

the relationship (Ref. 15), 

(D ) 
qp 

q-p ,, max „ ,  . max 
^   (^ dD uur W 
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Because the volUiDe-number mean diameter, D^ , has been found to compare 

well with experimentally measured mean diameters in an operating rocket 

environment (Ref. lb), that mean diameter was used for normalizing the 

calculated droplet diameters.  Ingebo has found that the distributions of 

spray mass from impinging doublet (Ref. 17) and showerhead injection ele- 

ments (Ref. lb) were well described by the Nuklyama-Tanasawa distribution 

equat ion 

,66D5 u   ''  :'    r-b»6] (55) 

The cumulative volume fraction of spray smaller than any arbitrary dia- 

meter is showi in Ref. 15 to be given, for this distribution, by the ratio 

of the incomplete and complete gammu functions: 

r . (6 6)/r (6/6) (56) 
bD0    / 

Evaluated at Ö ■ 1, this expression gave the indicated Nukiyama-Tanasawa 

distribution curve in Fig. 7b. 

It is seen that, because the relative velocit; between the liquid oxygen 

jet and the hydrogen atr-am is initially very high, the atomization proc- 

ess produces a spray in which both the numbers of droplets and the spray 

mass of the smaller droplet sizes predominate.  While most rocket injec- 

tors produce sprays with D_  between 75 and 150 microns, the surface-wave 

mechanism produced sprays calculated to have D-^'s between 20 and 'i0 microns 

Because the volume mean diameters of the liquid oxygen sprays are only 

slightly larger than the smallest droplets being produced, correlation be- 

tween the calculated results and standard distribution equations is almost 
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impo88ible.     Another probli'in  arises  because  the sprays  calculated by  the 

coaxial   jet  model  have  both maximum and minimum droplet  sizes,   features 

that  most distribution  equations are  not  capable  of  describing accurately. 

The upper   limit  distribution  function  (Ref.   13) accounts   for  a maximum 

spray  droplet   diameter  and was  used  to  correlate  the spray data   in Ref.   3. 

A diluent*ioniesg   function  of droplet diameter,  y,   is  assumed  to  be  normally 

distributed;   thus, 

dv 6 
d? 4   "P [ -6

2 y2] (57) 

\» it h, 

\ l»«e[rt)J w max 

The (iimulative volume fraction is then given by. 

- max     r-   .... -i      i  r6\ r     221 i   r r     - ~i 
- 6  v  j dy = -r J   cxp   " u  ) du  (r)4) 

6 
v = —        exp 

tr o      -      -    vtr -« 

Tables of the "probability integral" may be used to evaluate the latter 

integral. 

For a spray distribution which fits the upper limit function, a plot of 

D (D  -D) VS v on log-probabilit   aper should yield a straight line, 
max 

The values of 6 and a can be determnu-d from such a plot and, from them, 

various mean droplet diameters can be calculated (R^f. 15). 
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The calculated diatributions of liquid oxygen apray mass are shown plotted 

on that basis in Fig. 8.  It is seen that about 70 to 80 percent of the 

spray mass is fairly well fitted by u straight line, und further, that the 

two sprays are very nearly identical on this basis.  Here again, however, 

the function fails to describe the calculated accentuation of spray mass 

edsociated with the smallest droplet sizes.  Perhaps this is caused by the 

arbitrary suppression, in the atomization model, of only the atomization 

rate (rather than both rate and mean droplet sizes) in the first few A x- 

increments.  On the other hand, it may be possible that a lowei limit/upper- 

limit distribution function would be required for adequately correlating 

sprays resulting from this kind of atomization when the relative velocity 

is initially very high.  Such a distribution function is not known at the 

present time. 

The percentages of the liquid oxygen flowrate that were calculated to have 

been atomized in the nouburning region are shown in Fig. 9; these were ob- 

tained by subtracting the percent of liquid oxygen remaining in the liquid 

jet from 100 percent.  The abrupt changes in the atomization rates at 0.6 

and 0.9 inch correspond to the cessation of atomization because any fur- 

(her atomization would produce droplets larger than the maximum permitted 

diameter.  Nearly imperceptible increases in "percent atomized" downstream 

of those positions result from continued evaporation from the surface of 

the liquid oxygen jets. 

Spray Vaporization.  Also shown in Fig. 9 are the calculated percentages 

of the injected liquid oxygen that were vaporized.  The comparatively 

rapid vaporization in the first 1 to 1-1/2 inches trom the injector, par- 

ticularly obvious under the conditions of test '«17» waa caused by the ini- 

tially high velocity and concentration gradients.  In some cases, a few 

of the earl lesWformed, smallest-diameter spray groups were calculated to 

have been completely evaporated within this portion of the chamber. 
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The calculated oxygen concentrations at the outer boundaries of the non- 

burning spray zones are shown  in Fig.  10.    The effect of the higher gase- 

ous hydrogen temperature in test 417 is clearly evidenced by the 2 to 3 

percent higher oxygen concentration throughout the  nonburning region. 

The bumps in these curves are   loos» ly associated with positions of  com- 

plete vaporization of the outermo. (   spray groups, with positions where 

the spray zone boundary velocity falls below the droplet velocities   in 

some of  the outermost spray groups and with the completion of  engulfing 

of the  hydrogen stream  into the spray zone. 

Further   insight  into the spray vaporization phenomena may be gained by 

studying Fig.   11.    Here,  at positions fairly close  to the   injector,   the 

oxygen concentration in the spray zone gases  is seen  to be highest  near 

the liquid oxygen Jet surface.     This  is because all   of the gases drawn 

into that area have passed through the outlying spray elements  and have 

evaporated part of  their  liquid.    Additionally,   those  outlying  elements 

are being continually exposed  to new hydrogen entering the  spray zone. 

Near the   injector,   then,   the  evaporated oxygen  tends   to migrate  in,   to- 

ward the   liquid oxygen Jet. 

Further  dowustream,  approximately 1   to  1-1/2 inches   from the injector, 

the largest part of the gas deceleration has occurred,  no new spray  is 

formed,   and little additional  momentum is  required for accelerating  the 

spray groups.     The  spray zone  gases  tend to remain associated with a par- 

ticular  spray group for   longer  times.    Because  the heat of  vaporization 

for that   liquid oxygen that was vaporized had to come  from  the gas stream, 

the coldest gases are those nearest  the  liquid  oxygen  jet.     These gases 

also surround the largest droplets.     Vaporization near the   liquid oxygen 

jet   is thus very slow,  while  the smaller,   outlying spray droplets  (sur- 

round« d by warmer gases) vaporize at moderate rates.     The results are 
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reflected in Fig. 11 as nearly constant oxygen concentrations in the gases 

near the liquid oxygen jet and continuously increasing concentrations with 

increasing radii and distances from the injector. 

Velocities and Temperatures. Calculated velocities at the outer bound- 

aries of the spray zones and the velocities of the liquid oxygen spray 

element droplets formed at a number of specific distances from the in- 

jector are plotted in Fig. 12.  The diameters of the liquid oxygen drop- 

lets when they were formed are indicated on the droplet velocity curves. 

Under the conditions of test 417 (Fig* 12a), droplets of 20.55  microns 

initial diameter and smaller were calculated to be completely vaporized 

within the nonburning region; the positions of droplet consumption are 

indicated by simply terminating the velocity plots. No spray groups were 

calculated to have been completely gasified in the nonburning region for 

the conditions of test 431 (Fig. 12b). 

The calculated spray zone droplet and associated mixed gas temperatures 

are plotted in Fig. 13 for the same spray elements whose velocities were 

plotted in Fig. 12a. To facilitate comparisons, all curves are labeled 

with the initial droplet diameters of the spray elements.  It is seen 

that near the injector, as noted earlier, the gases cooled by oxygen evap- 

orating into them are carried radially inward toward the liquid oxygen 

jet.   Beyond  1 inch from the injector, the gas temperatures all de- 

crease gradually as some of their sensible heat is used to supply heat 

of vaporization. The rate of gas temperature change is highest in the 

outermost elements, i.e., those which contain the smallest, fastest- 

evaporating droplets. 

The liquid oxygen droplets are calculated to be heated to equilibrium 

temperatures and undergo quasisteady-state evaporation. Some of the 
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largest droplet   size  groups had not yet reached an equilibrium tempera- 

ture  before   they entered the combustion region.     The equilibrium  tem- 

peratures are  seen to vary  slightly with differences  in droplet  sizes, 

gas temperatures,  and convective  conditions. 

Qualitatively similar  results were calculated for  conditions of  test %5I« 

The  equilibrium droplet temperatures were clustered around 200 to  210 H 

as opposed to the 220 to 230 R range shown  in Fig.   13.    The  160 R   lover 

gas tecperature was the   largest factor  in causing this difference. 

Combustibility.    Examination of ^ig,   10,   11,   and  12 reveals  that  the ulti- 

mate  satisfaction of  the combustibility conditions  was  controlled by dif- 

ferent  criteria under  the two different sets  of test conditions.     For 

test  417,  with high hydrogen   injection temperature  and velocity,  enough 

oxygen was evaporated approximately 2  inches   from  the  injector to  fulfill 

the  flamnability criterion,   but the spray zone boundary gas velocity was 

nearly 400 ft/sec.    The proportionality constant  in Eq.  23 was thus  se- 

lected to force U    to be equal to the  calculated spray zone  boundary vel- 

ocity at   the position of abrupt velocity changes observed in  the 

experimental  data (Ref.   l). 

For  test 431,   just  the   opposite situation was  obtained.    The  spray zone 

boundary velocity dropped below the calculated turbulent flame speed at 

about 2  inches from the   injector,   but the oxygen content of  the spray 

zone gases was only about 3 to 6 mole percent.    The value of  the flam- 

mability  limit was thus   «et equal  to the spray zone  boundary  oxygen  con- 

centration at  the position of  abrupt experimental velocity change  of  this 

test. 

J1 jy ■" 
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Evaporation of a liquid droplet will cease when the partial pressure of 

the liquid species in the gas stream becomes equal to that specie^ vapor 

pressure at the droplet temperature (Eq. 12).  If oxygen/hydrogen rockets 

are operated with very high chamber pressures and/or with relatively low 

propellant injection temperatures, it may not be possible to satisfy the 

combustibility conditions. The pertinent relationships are shown in 

Fig. 14, a plot of the maximum achievable oxygen mole fraction in gaseous 

hydrogen as determined from equilibrium liquid oxygen droplet temperature 

and chamber pressure. The maximum equilibrium droplet temperature is 

equal to the gas temperature, even if the liquid were injected at a higher 

temperature than the gas. For the purposes of this discussion then, the 

abscissa of Fig. 14 may be entered using hydrogen injection temperature.* 

Coaxial jet injection of liquid oxygen and gaseous hydrogen with injec- 

tion temperatures of 185  R into a rocket operating at 700 psia chamber 

pressure, for example, could not meet the combustibility requirements 

used in the current model. Figure 14 shows 6.3 mole percent oxygen to 

be the maximum attainable. This situation can b(> ameliorated only by 

augmenting the liquid oxygen vaporization by supplying heat from some 

other source not considered in this model. 

Two heat sources not accounted for in the model are radiation fr   he 

chamber full of high-temperature gases and recirculation of combustion 

gases. Radiant energy transfer to the nonburning region was examined 

for the conditions of test 417 in a simplified manner; it was calculated 

that as much as 1 percent of the liquid oxygen injection rate could be 

♦Figure 13 suggests that a value of gas temperature 10 to 20 R lower than 
hydrogen injection temperature would be more realistic. This tempera- 
ture drop provides the sensible heat of the warming droplets, latent heat 
of vaporization, and superheat for the vapors. 
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evaporated by radiation.    At an  injection mixture  ratio of 5,  however, 

the oxygen content of  the spray zone gases would be raised by an average 

of only 0.3 mole  percent.    Under other  operating conditions,   this   effect 

could conceivably have more  influence and needs to be  taken   into account. 

The  likelihood of  combustion gas recirculating was  indicated by the value 

of the Craya-Curtet number,  previously described.     The  calculated values 

of that variable   for the two tests analyzed are shown  in Fig.   13.     In 

both cases,   the Craya-Curtet  number exceeded  the  critical value of  3A 

well before  the  combustibility conditions had been satisfied;   the   omis- 

sion of combustion gas  recirculation from the model  thus appears to be 

a valid simplification  for these  cases. 

Chamber Pressure.     The majority of decrease   in gas  stream momentum as the 

gases are decelerated  is absorbed in accelerating the  liquid oxygen sp.ay. 

The remainder results   in  increasing chamber pressure along the axial 

length.    The model  calculations showed a rapid rise  in chamber pressure 

in the  first   12  inch of the chamber and a gradual  rise   in pressure 

throughout  the remainder of  the nonburning region.    Ceiainly some  pres- 

sure rise should be expected,  but  in the  absence of direct experimental 

evidence,   it  is not possible to state how realistic  the model  predictions 

are  in this  regard.    Possibly,  the model   overestimates  the amount  of gas 

needed to be decelerated for providing  spray momentum,   and thus overempha- 

sizes the pressure  rise   in this region.     This  subject will be  discussed 

further  in the next section. 
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Coibuation Re£ion 

The  T.^cburning regions were  replaced by coabustion regions ut  3.23 and 

3.20 inches  from the  injector in model   calculations based on   the  condi- 

tions  of tests 417 and 431,   respectively. 

Structure.     The combustion region model  resulted  in structural character- 

istics shown in Fig.   16 for  test  417.     This  figure  is a direct follow-on 

to Fig.  4.     Comparison with Fig.   1   shows the  calculated  structure  to be 

roughly similar to that initially hypothesized;  the calculated spray zone 

spreading is more  abrupt and the  nonspray-bearing gas mantle   is much less 

prominent than anticipated. 

The abrupt,   rapid  spreading of the propellant streams to completely fill 

the elemental  chamber flov channel   is an  idealization required by  the 

stepwise,  downstream-progression model  employed.     In an actual  subsonic 

flow,   the propellant flov structure upstream of the flame  front should be 

affected by  the  impending combustion region expansion and the   spreading 

made   less abrupt   than  that  calculated. 

Intuitively,   the  structure  shown   in Fig.   16 suggests that  the   choice of 

this  combustion region model  based on a well-mixed,  one-dimensional  spray 

combustion zone being surrounded by a nonspray-bearing gas mantle  is 

probably much  less  realistic  than  one based on a very oxygen-rich,   dense 

spray  core being surrounded by combustion gases having decreasing spray 

population with increasing distance  from  the axial  centerline.     Having 

selected the  former basis for the  model   formulation, however,   other cal- 

culated results will be  examined before   critical   conclusions are drawn. 
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Combuation Ga» Velocity.     Innediately upon passing through the  flame 

front  at  the   leading edge of the combustion region,  the   spray zone  gases 

were  reacted.    An abrupt increase of volumetric flovrate  resulted;   this, 

in turn, caused radial expansion until the propellant/combustion gas flow 

completely filled the flow channel.   Then,   higher axial gas velocities were 

attended by decreased chamber pressure.    The existing liquid oxygen drop- 

lets'   vaporization rates were greatly enhanced as a result of both higher 

gas temperatures and greater convection.     This further raised the combus- 

tion gas velocity.     The gas velocity soon became high enough so that  liq- 

uid r vygen   jet atomization by the  surface  shear mechanism was  resumed. 

These  processes are thus seen to be   interrelated in a manner that causes 

escalation or bootstrapping to quite high  combustion gas  velocities. 

Comparison With Experimental Velocity Data.    The experimentally derived 

velocity and pressure data presented in Ref.   1  for  tests  41? and kjl are 

reproduced  in Fig.   17a and 17b,  respectively.    The  calculated combustion 

gas velocities  (and other parameters which are  discussed below) are also 

plotted to facilitate direct  comparisons.     It  is seen that the   calculated 

combustion gas velocity jumps  agree  quite  well with those  observed experi- 

nentally.    This suggests that the early portions of the combustion model 

adequately describe  the   initial  bootstrapping processes. 

Liquid Oxygen Jet Atomization.    Under the  conditions of  test kl7,  the 

atomization process  was  calculated to be  resumed innediately downstream 

of tiie   flame   front.     The   intially high combustion gas velocity   resulted 

innediately  in quite small   liquid oxygen droplets;   less  than l/k  inch  in- 

to  the   combustion region,   the     produced spray was calculated to be wholly 

vaponzed and  reacted within  the same Ax   increment   that   it was  atomized. 
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The residual liquid oxygen jet, containing k5 percent of the liquid oxy- 

gen injection rate, was Jiua found to be completely atomized in only 1/2 

inch. 

Because of the lover hydrogen injection rate and the lover proportion of 

oxygen evaporated in the nonburning region of teat 431» a lesser jump in 

gas velocity vas calculated to occur at the beginning of the combustion 

region than vas found for test 417. The resumption of liquid oxygen jet 

atomization vas delayed, therefore, until accelerated droplet vaporiza- 

tion increased the combustion gas velocity even more. Droplet sizes near 

the maximum vere thus produced at first. 

Continued vaporization led to a gradual reduction in the produced droplet 

sizes, but it vas nearly 1 inch into the combustion region before the 

atomization rate became comparable vith that found in the combustion re- 

gion for test 417. These relationships are seen in Fig. 18. The calcu- 

lated ends of the residual liquid oxygen jets correspond veil vith the 

experimentally observed distances to vhich velo ity as lov as liquid oxy- 

gen injection velocity penetrated in Fig. 17. 

Tvo representative examples of the droplet veight distributions are shovn 

in Fig. 19. The first, Fig. 19B»is for the sprays traversing the flame 

fronts the second. Fig. 19b, is for the sprays remaining just after com- 

pletions of liquid oxygen jet atomization. Comparing Fig. 19a vith Fig. 

7b reflects the complete evaporation of several liquid oxygen spray group 

sizes in the nonburning region for test 417. so that D_() increased and 

the distribution favored the larger drop sizes, but there vas only par- 

tial vaporization of all spray group sizes for test 431> so that D 
30 

simply decreased.  These changes do not appear to be predictable, a 

priori, from the injection conditions. 
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Cooiparing Fig. 19* and 19b, it im  seen that the spray throughout the com- 

bustion region for test 417 can be described by the Nukiyama-Tanasava dis- 

tribution function. Because the new spray atomized from the jet was found 

to evaporate as soon as it was formed, all the spray shown for test 417 in 

these figures had its origin in the nonburning region.  Ingebo (Ref. 16) 

has observed experimentally that a burning ethyl alcohol spray similarly 

fits the Nukiyama-Tanasava function at several distances from a rocket 

injector. The liquid oxygen spray in the combustion region for test 431 

was not nearly so simply brhaved: nearly 85 percent of its spray shown 

in Fig. 19t> originated in  e combustion region. Again, neither the dis- 

tributions nor mean droplet sizes of these sprays appear to be predictable 

by any means other than this model. 

Spray Droplet Behavior. Calculated velocities for some droplet size groups 

are plotted in Fig. 17a and 17b. The velocities were comparable with those 

calculated in Appendix B and were well behaved.  The largest forrsed drop- 

let's velocities described a lower boundary for the experimental velocity 

data points. 

Droplet equilibrium temperatures of 240 R were calculated for the condi- 

tions of both tests in the early portions of the combustion regions. These 

gradually dropped to 233 R at the beginning of nozzle convergence, in di- 

rect agreement with the behavior predicted in Appendix B, Fig. B-l and B-2. 

Nonspray-Bearing Gas Mantle Behavior.  The gaseous flow diverted out of 

the nonburning liquid oxygen spray zone and around the flame front con- 

tained enough oxygen to be flammable under the conditions of test 417, 

but not under the conditions of test 43K The model calculations thus 
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ascribed reacted, combust ion-gas properties to this gas stream in the 

former case and unreacted, mixed-gas properties in the latter case. The 

calculated gas stream velocities were correspondingly high for test 417 

and low for test 431« as seen in Fig. 17.  Because there were no experi- 

mental velocity data points as high as the calculated gas stream velocity 

for test M7i it must be concluded that either the radiation from that 

thin, reacted mantle was too weak to affect the streak film exposures or 

the mantle is fictitious. 

Nixing of the model-calculateu gas stream flowrate into the spray combus- 

tion zone at a linear rate with increasing distance from the injector, 

however, resulted in a combustion gas velocity profile that modeled the 

highest experimental velocity data very well. This is seen in the cham- 

ber length between 3 inches from the injector and the beginning of the 

nozzle convergence (Fig. 17). 

To determine whether the gas velocity profile might be determined by 

unevaporated oxygen spray distributed along the chamber (Fig. 18), model 

calculations weie made with no spray zone gases diverted into a gas 

stream mantle. The results (Fig. 20) suggest that the observed gradual 

approach to the nozzle inlet combustion gas velocity is almost wholly 

attributable to turbulent mixing of unlike gas streams. As noted before, 

the actual situation might require mixing a strongly oxidizer-rich core 

radially outward rather than a fuel-rich mantle radially inward.  The 

overall effect would be the same: Over a sizeable fraction of the chamber 

length, the propellant combustion is controlled by turbulent mixing 

processes. 

This result of the present model calculations is in direct agreement with 

the results of related experimental and analytical studies at NASA, Lewis 

Research Center (Ref. 18 and 19). 
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Chamber Pressure.     The  calculated chamber pressures are   seen to decrease 

rapidly  imnediately downstream of   the  flame  fronts.     These  drops result 

from continuity of momentum.    The   increasing momenta of accelerating 

gases and spray  can come  only from a decreasing chamber  pressure. 

Following that  precipitous drop,   the  calculated chamber  pressures agree 

well  with the measured pressures.     Too  few pressures were measured  in the 

nonburmng region and early combustion region to define  the actual  pres- 

sure profile,   but  those  obtained suggest smoother pressure  profiles  than 

those calculated.     Perhaps the apparent disagreement stems  from the ex- 

perimental measurements,   e.g.,   the pressure tap geometry or flow patterns 

may have affected the data and  (because  the data are time and  location 

averaged) fluctuations  in  inuividual  flame front position and variations 

in  those positions ^mong all  the  Jets would tend to  smooth and flatten 

the pressure  profile.     On the other hand,   the model  could be   forced to 

give a more  nearly constant pressure profile by assuming more  drastic 

suppression of atomization near the   injector,   considerably higher turbu- 

lent  flame  speeds and different flammability limits than  those used.    The 

calculated gas velocities would no   longer match the experimental  streak 

velocities upstream of the  flame  front, however.    More quantitative know- 

ledge   in this regard will probably be dependent  upon both refined pres- 

sure measurements and determination of  f lamnabil ity  limits and flame 

velocities under appropriate rocket conditions. 

Conclumons   From  the Best-Fit Cases 

The   integrated atomization and spray behavior formulation permits des- 

cription of  the  entire propellant flow structure  from specifications of 

the   injector and  chamber configurations and propellaut   injection conditions. 
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The  potential  utility  of  the   combustion model   ig  thus  greatly enhanced. 

Further,   the  formulation should be directly applicable  to studies of simi- 

lar atomization processes with other  fluids,  whether  or  not evaporation 

is  significant.    For  extension  to  other rocket combustors,   the  formula- 

tion may need to be  expanded  to   include nonreacting gas  circulation,   com- 

bustion gas  recirculation,   and continued atomization  by  other processes, 

such as  Jet   instability and centrifugal  forces   imposed by swirlers. 

The model  calculations  offer  definitive,   convincing  evidence  for  the exis- 

tence  of  the  hypothesized plane   flame front  standing at  a fixed  (or quasi- 

fixed)  position in the  liquid oxygen spray zone.    Under  the   imp»sod model 

conditions,  any penetration of combustion gases or  flame   into this zone 

at some  upstream position would either be  swept downstream (by the gas 

flow velocity exceeding the  local  turbulent  flame speed)  or would rapidly 

escalate  through  increased spray vaporization,  chamber  filling,  gas ac- 

celeration and enhanced liquid oxygen jet atomization to the same pheno- 

mena described by the model but at  the upstream position.    This seemingly 

adamant   interpretation  is dictated by the model conditions of relatively 

low contraction ratio   (which permits moderately high  combustion gas veloc- 

ities even  though only fractional  amounts of the  liquid oxygen have been 

vaporized,  and  leads  t-   combustion reaction and atomization mutually aug- 

menting  each  other) and unappreciable combustion gas  recirculation. 

ThiH   interpretation is not believed to be  incompatible with nor to refut« 

other  investigators'   interpretations of their experimental  observations 

in which  it  is  suggested that  the atomizing  liquid oxygen Jet and liquid 

oxygen spray  zone are  intimately  surrounded by reacting combustion gases 

all   the way upstream to the  injector (Ref.   19 and 21).     Their experiments 

were carried  out in relatively high-contraction-ratio combustors and 

under conditxors conducive  to combustion gas  recirculation,  so ttat the 

bootstrapping phenomena should not have occurred. 
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The combustion region model appears to constitute an adequate although 

somewhat simplified representation of the spray gasification and trans- 

verse mixing processes.  T< »• one-dimensional model of the nozzle flow 

processes appears to describe them accurately to the nozzle throat when 

a nozzle erosion factor is applied to account for the cross-sectional 

area variation resulting from pyrex melting. 

MODEL PREDICTIONS FOR OTlttK MAINSTAGE CONDITIONS 

Model calculations were carried out in which controlled variations were 

made in the initial conditions, while holding the values of all arbitrarily 

evaluated variables equal to those used in the best-fit cases. Chamber 

pressure, mixture ratio, hydrogen injection temperature, and liquid oxygen 

injection temperature were individually varied from thoue listed in Table 1 

for test ^31.  The major comparison bases for evaluating the predicted ef- 

fects were the location in the chamber where the combustibility criteria 

were satisfied, and which of those criteria was the last to be fulfilled. 

Raising the chamber pressure by increasing both propellant flowrates at 

constant injection mixture ratio resulted in the calculated position of 

the flame front being closer to the injector face, i.e., 3.2 inches at 

k55  psia, 2.8 inches at 300 psia, 2.5  inches at 700 psia, and 1.7 inches 

at 800 psia.  At the lower pressures, this effect resulted from somewhat 

finer atomization because of the increased gas density at higher pressures. 

At 800 psia, supercritical heating of the smallest liquid oxygen droplets 

was encountered.  Their abrupt gasification caused the combustibility 

criteria to be satisfied appreciably earlier than they were at 700 psia. 

Hydrogen inJ3ction temperature was high enough to avoid altogether the 

vaporization difficulties noted earlier in relation to Fig. Ik.    Calculated 
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boundary velocities dropped below the turbulent flame speeds earlier than 

the flanmable oxygen concentrations were reached in all of these cases. 

The Craya-Curtet number at the flame front was less than its critical 

value in the 800 psia case, implying that combustion gas recirculation 

could invalidate the model predictions at that and higher pressures. 

The injection mixture ratio was varied by raising the hydrogen flowrate 

and lowering the liquid oxygen flowrates by amounts that would give total 

flowrate satisfying 100 percent c* efficiency at a fixed chamber pressure. 

The flame front position moved downstream with increasing mixture ratio 

and was i ntrolled by the attainment of flammable mixtures.   The flume 

front moved upstream with decreasing mixture ratio, in general, but at 

mixture ratios of approximately 3« flanmability could be achieved only 

at sizable distances (10 to 12 inches) downstream of the injector. The 

reason for this anomalous behavior was not discerned.  Three position 

values were:  (l) 2.5 inches at MR = 3, (2) 3.2 inches at MR - 7f and 

(3) 3.9 inches at MR = 12.  Combustibility was controlled at that lowest 

mixtu e ratio by the velocity criterion. 

Liquid oxygen injection temperature was varied from 160 to 210 R and the 

calculated position of the flame front moved steadily upstream as the tem- 

perature was increased.  Some values were:  approximately 6 inches at 

160 R, 3.4 inches at 173 to 180 R, 2.k  inches at 190 R, and 1.9 inches 

at 210 R.  Reaching flammable oxygen concentrations controlled combusti- 

bility at temperatures below 200 R, while deceleration to turbulent flame 

velocity controlled those cases having 200 R or warmer liquid oxygen. 

The flame front position similarly moved upstream with hydrogen injection 

temperature increases. At kOO  R, the combustibility was controlled by 

the velocity criteria, which was satisfied at 2.7 inches. The computer 
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model «Mirountend computational difficultios in the nonburning spray zone 

with 100 R hydrogen and would not converge on a solution. With hydrogen 

rolder than that reported for test kM ,   the flame front moved downstream. 

Mule 200 R hydrogen should eventually produce a combustible mixture 

(Fig. 1'«)» the liquid oxygen evaporation was so slow that it is question- 

able whether combustibility could be achieved in the available chamber 

length; the highest spray zone oxygen concentration at 1 inches from the 

injector was only about 1 percent. 

(ompanson Wtth Experimental Data 

Several other tests were reported in Ref. 1 to have been conducted with 

the coaxial jet injector.  While the combustion field velocity data were 

incomplete and a flame front position cannot be ascribed to each of those 

tests, comparisons can be based on the lengths of the liquid oxygen jet/ 

spray visible in the high-speed Fastax motion pictures.  The experimental 

condition for all the tests, together with estimates of the liquid oxygen 

jet lengths, are sumnarized in Table 2. 

Chamber pressure variation among the tests was quite modest and most likely 

did not influence the observed liquid oxygen Jet lengths appreciably. 

Liquid oxygen injection temperatures were not measured and so cannot be 

discussed.  The combustor starting procedure was such, however, that the 

stead}-state mainsiage liquid oxygen temperatures should have been com- 

parable among the tests. 

Regarding the other parametric variations, the experiments do not appear 

to support the predicted anomalous behavior at mixture ratios in the 

vicinity of 5, noi the predicted difficulty in achieving combustible 
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mixtures with 200 R hydrogen. There nay, of course, be an interplay h«- 

tveen the two effects masked by the particular combinations of experimental 

temperatures and mixture ratios encountered.  However, in view of the pre- 

dicted sensitivity of the flame front position to liquid oxygen injection 

temperature, a few degrees difference in that variable among the tests may 

have exhibited an unexpectedly large influence on the results.  For that 

reason, it was thought impossible to examine the existing experimental 

data satisfactorily with a comprehensive parametric model study. 

MODEL HIEDICTIONS FOB PRESTAGE CONDITIONS 

It was reported in Ref. 1 that the liquid oxygen jet/sprays were visible 

during prestage for only about 1/2 to Ik inch from the injector, and that 

strong combustion gas recirculation was evident in the motion pictures. 

Because the prestage start transient lasted for about O.k to 0.5 second 

and approached steady-state conditions near the end of that time, model 

calculations were programned for two sets of prestage conditions to see 

if their predictions would correspond with the experimental observations. 

Altering the propellant flowrates from those of test 431 to obtain an in- 

jection mixture ratio of 3 at 260 psia chamber pressure resulted in a pre- 

dicted flame front at 3.9 inches from the injector without recirculation 

of combustion gases.  Similarly, an oxygen flowrate increase to obtain a 

mixture ratio of 5  at 363 psia chamber pressure (corresponding to the mid- 

point between prestage and mainstage) gave a predicted flame front at 

3.03 inches without recirculation.  In both cases, deceleration to turbu- 

lent flame velocity controlled the positions of the combustion fronts. 
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These results are dianetrically opposed to the experimental observations. 

They apparently can only be explained by assuming that one or both of the 

propellant streams were actually much wanner than assumed in the mode] 

calculations so that the liquid oxygen was atomized, accelerated, und va- 

porized considerably faster than calculated.  Again, it is unfortunate 

that liquid oxygen manifold temperatures were not measured. Also, fast- 

response instrumentation would have been required. 

PREDICTED OSCILLATORY COMBUSTION 

A possibility that the flame front might fluctuate, rather than stand at a 

fixed position was suggested by model calculations for a combustor having 

a different shape and contraction ratio than the transparent two-dimensional 

combustmr.  Results with 200 R hydrogen predicted a flame front standing 

several inches from the injector, but the expansion-deceleration-chamber 

area relationships were such that strong combustion gas recirculation was 

indicated.  The model prediction with "500 R hydrogen was that the flame 

front would be appreciably closer to the injector, but recirculation would 

not be likely.  Thus, recirculation of enough combustion gas to warm the 

hydrogen by 100 R would not only permit the flame front to move upstream 

but would simultaneously disrupt the combustion gas recirculation.  The con- 

tinued injection of fresh, cold hydrogen would then push the flame front 

back downstream and reopen the recirculation paths.  Such an oscillating 

combustion process has not been observed in current combustors of conven- 

tional design. 

f>8 RR 64-29 



tt -.-mtwi^BZ       •        A    DIVISION    or    NONTH    AMIR<CAN    AVIATION      >NC 

CWrLUSION 

It has been found possible, using conceptual hypotheses derived from 

transparent model rocket combustor experiments, to construct a semiempiri- 

cal, analytical model of the steady-state combustion processes following 

coaxial jet injection of liquid oxygen and gaseous hydrogen.  Further, by 

judicious selection of assumptions and particular arbitrary constants, it 

has been possible to obtain substantial agreement between the model's 

predictions and experimental results from two of the experiments.  The 

other experimental results have not fully corroborated the accuracy of 

analytically predicted trends, but insufficient data were obtained to es- 

tablish or deny the model's validity. 

Several aspects of the developed rocket combustion model are unique.  Per- 

haps the most striking feature is the interpretation of the experimental 

results in terms of a standing, plane flame front.  This concept has been 

determined conclusively to be inappropriate for systems in which both pro- 

pel lants are injected as liquids, but appears from this work to be valid 

for liquid-gas combinations if combustion gas recirculution is insignificant 

The use of fundamental combustion parameters (flaonabi1ity limits and tur- 

bulent flame speeds) in ro«ket combustion models is unusual; they are here 

related directly to the flame-front phenomenon. If continued uses are to 

be made of coaxial jet injectors under conditions similar to those studied 

here, it would prove very helpful to analytical model studies to have more 

accurate knowledge of these parameters under appropriate rocket pressure, 

temperature, and flow conditions. 
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Another unique feature of the current model is the quantitative inclusion 

of the atooizution process.  This is the first time to our knowledge that 

this i .is been attempted.  The significance of this accomplishment was some- 

what reduced by the necessity of using arbitrary constants.  Currently, the 

nonburning region model is being progranned to calculate liquid wax atomi- 

zation by an airstream in anticipation that a single set of constants can 

be found to reproduce the variety of atomization data in Ref. 3, »nd that 

those can be related to the constants used here for liquid oxygen, gaseous 

hydrogen. 

One reason for developing a steady-state combustion model is to determine 

if combustion efficiency will be degraded by large propellant droplets 

passing through the nozzle without being evaporated.  By including the 

atomization . ( . <•«  in the model, direct knowledge is gained of what the 

largest droplet sizes are, how much of the spray mass is associated with 

them, and equally important, where they are formed.  Thus, if undesirably 

coarse spray is encountered, a much more enlightened injector modi/ica- 

tion program can be undertaken than if only the undesirable droplet sizes 

were known. 

Turbulent mixing processes between unlike gas streams in the combustion 

region, although treated in an approximate manner, have been shown to 

limit the propellant combustion rates through much of the chamber length. 

The elected turbulent mixing of a gas mantle into a well-mixed spray com- 

bustion zone is possibly less factual than is the mixing of an oxygen- 

rich, dense-spray core into a surrounding fuel-rich, dilute-spray flow. 

Further, a more rigorous quantitative treatment of turbulent mixing would 

be required for studying effects on combustion efficiency of element spac- 

ing or injection density changes. 
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Uudiunt enerfry  transfer and conbustion gaa recirculation, neglected in 

this model, appear to be important, if not controlling processes, with 

some injector and chamber geometries and under some operating conditions. 

While these phenomena might profitably be included in future model devel- 

opments, the fact that such a statement can be made demonstrates one area 

of usefulness of the present model.  Comparison between analytical pre- 

dictions and experimental observations with a variety of systems can in- 

crease greatly the current understanding of the combustion piocesses. 

Such qualitative contributions are of value through indirect influence 

on problem solution across a broad range of problems. 

Another area of combustion model utility is in predicting the effects of 

making parametric changes in a particular combustor system.  Quantitative 

effects can be observed.  Of course, extension to conditions very much 

different from those previously found to agree with the model will be sub- 

ject to some doubt unless limited experimental confirmation is undertaken. 
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APPENDIX A 

PHYSICAL,   THERMODYNAMIC,   AND TRANSPORT PROPERTIES FOR THE 

NONBURNING REGION 

Data  for   »elected  properties  of hydrogen and  oxygen were  curve  fitted  to 

obtain  relatiunships  for use   in  the  combustmn model   solutiuns.     Unless 

a  specific   indication  is made   of   pressure  or  pressure  dependence,   the 

equations were  derived  for  properties at  500 psia  and  the  properties 

were  assumed not to vary  appreciably with pressure  within  the  ranges  of 

pressure  encountered   in  the model  calculations. 

PROPERTIES OF LIQUID OXYGFN 

Density 

PL0X ' ,9'88 *  0•l,79 V 0-0017"55 T'l (A-l) 

{ffrm) 

Surface  Tension 

aL0X = 2,i,8e5  X   l0*5  " 0•975  X  10'5 'i ^A"2^ 

(UbR ^< IbOR) 
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- 

The  viscosity  at  zero  pressure was  arbitrarily multiplied by   two  as 

an approximation  of   the  effect of   pressure. 

(IkOR < Tl
< 220B) 

(A-3) 

Specific Heat   (Constant   Pressure) 

(Cp'LUX l)^'-b     *     2■0'"i^2     "     10' h. (*-♦) 

Vapur   Pressure 

U7<).;«9       1 

(ibOR < T^ < 278.bR) 

(A-5) 

Heat   (if Vaporization 

The  values   at   saturation  pressures   were   curve-fitted; 

0.38 

«v.O,   "   128^   V       ^8^. (A-b) 
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GASEOUS OXYGEN  HIOPERTIKS 

Speciftc  Heat   (Constant  Preaaure) 

(c   )  ^   -   1.16 -  0.00275 T ,   (T < 300 R) 

(c  ) ^ 0.2489 «  0.964 x   I0"5 T   -   1.353 x   104   ,   {IhQSL < T) 
P g"2 ,, 

T 

Diffuatvity   int<   Hydrogen 

An expreaaiun reconmended   in Ref.   22 was used for extrapolating  from 

a value  of J^.^P    at  27*5 K and  1  atmoaphere: 

m* 1.4081 x   10'b T5 2 (AS) 
02,  fa     =     P (T  !   192.6) 

GASFOUS miWOGKN  ITlOPERriES 

Vigcoai ty 

R^      =    1.213 x  10"3    « 9.55 x 10'9 T (A-9) 
2 

(70R < T    < 500R) 
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The expressions   for the  following   three   parameters  should not  be  UP  d 

at temperatures   lower   than   those   indicated. 

Thermal Conductivity 

l^      =     0.019 4   1.675  x   lO'1* T (A-IO) 

(170R < T < 50m) 

Specific Heat  (Constant  Pressure) 

(c   ) =    2.095 *  5.08 x   10'3 T  - 4.93 x  IG'6 T2      (A-ll) 
P K  '*,, 

(150R < T < 500R) 

Riitm   of  Specifii   Heats 

T *   2.7 
'H.,       O.HOIL'T   - kk.k ( 

_ AO0 - P,!',...«) 
().8012T  - M.'t '   '  v 198 , 

T  ♦   2. 

(T > IbOR) (A-12) 
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ÜAüEüUS MIXTURES OF HYDROGEN AND OXYGEN 

M'>le Fraction Oxy^eu 

w 
09 •o. 

2 0. 
wn    »  15.873 w. 15-873 w    -  U 873 w (A-13) 

S 

Molecular WeigUt 

32 w 
M 

15.873 W    .   U.873 wn 

(A-U) 

Heat Capacity  (at Const   nt  Pressure) 

(•>>• ■ —■—He ! 8    (A-n) 

Vi>" PHI ty 

The viscosities of mixtures containinK 3, 5, and 7 mole percent oxygen 

were calculated by a method recommended in Ref. 22 and fitted with the 

following: 

\    (> + 8-5 \ '  30 ^J (A-lb) 
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Thernml Conductivity 

A correlation method recommended in Ref. 22 for predicting the thermal 

conductivity of gaseou* mixtures was used to estimate values for 3, 5, 

and   7 mole  percent  oxygen       These were  curve-fitted   by, 

kg = v, (i - ^ V *58-5 V (A-17) 

PROPERTIES OF f^AS F1I,M AROUND A EROPUTT 

The appropriate preceding properties were evaluated in the gas film 

surrounding a liquid oxygen droplet by using an assumed arithmetic 

mean film temperature. 

r. ♦ T 
i! g_ (A-18) 
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APPENDIX B 

DETERMINATION OF A MAXIMUM DBOPLET SIZE FOR LOX-JEV  ATOMIZATION 

The   liquid  oxygen gaseous hydrogeii propellant  cumbustion  field was 

reported   in Ref.   I   to  have   been  observed by   simultaneous  motion and 

streak   photographu   techniques.     Velocity data  reduced  from   luminous 

traces  on  the  streak  films  exhibited  characteristics  that  supported   the 

hypothesis  that  the  highest  velocities measured at  any  particular  distance 

from   the   injector were   representative   of   local  combustion gas   velocity. 

Considerable  doubt was  expressed concerning   the  physical   signifi« »nee  of 

the   lowest  observed velocities,   particularly  at distances  several   inches 

downstream of   the  photographically observed disappearance  of  a discrete 

liquid  oxygen jet  spray.     At  approximately  the  end  of  the  visible   liquid 

oxygen jet,   however,   the   lowest  velocities approximated   liquid oxygen 

injection velocities,   and   further downstream more  or  less abrupt velocity 

iiHreases were  noted.      It was  stated   (Ref.   l)   that  "The   inflections   to 

incrensing   lower  uoundary velocities   probably  correspond with  completion 

of  liquid  oxygen jet atomization.     For a  Hhort distance downstream  of  that 

point,   the   lower boundary must reasonably be  attributed   to  large   liquid 

oxygen droplet   trajectories." 

Droplet ballistic equations   show that  a  large,  massive  droplet will  be 

accelerated more  slowly by  a given gaseous  flow around  the  droplet   than 

will   a  small  droplet.     If  the   lowest  velocity   streaks correspond with 

large   droplets,   then  (neglecting   initial  velocity  and gas   inhomogene ity 

•'!I.. ;-;  those must be   the   largest droplets;   otherwise,   even   lower  velocity 

streaks would  have  been  observed.     This observation has  been used  before 

(Ref.   5)   in combustion model  calculations  as  an  indication of  the maximum 

size  droplets   'hut  might  occur  in a burning   spray. 
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Even  if   the   lowest   ntreak velocities are  not known  to result   from  large 

droplets,   it can be hypothesized  that   if   an arbitrarily   large   droplet 

were  formed,   it would  produce   streak velocities even  lower than  those 

actually observed.     If   that  arbitrary diameter were   then  successively 

reduced,   a particular  size might  be  found  that  would accelerate  10  that 

its velocity history would duplicate  (or   approximate)  the   lowest  observed 

velocities.     That   piirtuular   size  could   then be  considered  to   be   the 

maximum droplet size  produced   in  the experiment   under  investigation. 

That concept  was  applied   in determining   the maximum  liquid oxygen droplet 

size  that  tho  atomizatiun process model   should   be  permitted  to   produce. 

It  was assumed that   the   rocket  combustion gas  flow field  could   be  pre- 

scribed  throughout  an appropriate   length   of  the  combustion chamber. 

Parameters of  interest   include  velocity,   pressure,   composition,   molecular 

weight,   density and  the   transport  properties  (viscosity  and thermal 

conductivity).    These were derived  from construction  of  an upper boundary 

around  the experimental   streak velocity data and  from an  assumption  that 

the   combustion gas   at every axial  position corresponded  to  the   injection 

mixture  ratio. 

A single  droplet of   liquid oxygen was then   imagined  to be   inserted  into 

that   flow field at   some   point  and  its subsequent history was calculated 

under the  assumption that   its evaporation  combustion had  no discernible 

effect on  the  massive combustion gas  flow.     Because  this   is an   initial 

value problem,   the   calculations must begin  from  assumed values   of droplet 

diameter,   temperature,   and velocity  as well   as   from a  particular  position 

in  the chamber.    Here,   interest   lies   in droplets  of  arbitrary diameter 

and   having liquid oxygen  injection velocity  and   temperature,  being first 

exposed  to  the  combustion gas  stream at about  the  point  of complete 

primary  atomization. 
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The equations  used   in  this  study  are  the   saae  as   those  used   in  the 

coaplete combustion model,   i.e.  Eq.   (7).   (Ha),   (8b)  and   (9)   for droplet 

ballistics,   Eq.   (10)  and  (11/  for  droplet   temperature  change,   and 

Eq.   (30)  for droplet evaporation.     The  physical  and transport  properties 

employed 1» >re  similarly evaluated   (as discussed  in Appendix D).    The 

equations were  progr.<mmed  for solution with an  IBM 7094;   the  solution 

was based on  simple  stepwise  progression down the   length  of  the  chamber 

from  the droplet   insertion point.     Portions of  the  read-in data and of 

the  computed  results were machined  plotted  to give  direct  visualization 

of how closely the  velocities matched. 

The  calculated behaviors of  six sizes  of   liquid  oxygen droplets with 

initial  temperatures  of   180 R and   initial  velocities of   180 ft   sec,   which 

were  assumed   to have  been  inserted   3.0 inches downstream  of  the   injector 

into  a  combustion gas  flow  field  based  on  the  experimental  data  of  run 

'»17,   PETER,   PRA  (Ref.   I),  are  shown  in Fig.   B-l  a,   b and  c.     Comparable 

results are   shown   in Fig.  B-2 a,   b  and c   for  similar  liquid oxygen drops 

inserted  I.J  inches  from the   injector at   1200 ft'sec   into  a combustion 

gas  flow field prescribed  from run   '«31,   FtTER, PHA. 

Examination  of  these  calculated  results   suggests  that droplets  having 

diameters between   175 "nd 200 microns might  correspond  to   the maximum 

size  droplets   that  could have  produced  the   lowest  velocity   streaks. 

Comparison    with  other  calculated   results,   in which droplets  formed closer 

to  the   injector were  considered,   and recognition  that  the   actual g.ts 

densities over  the   first  few  inches  of  calculation must   be  higher  than 

those  used   in  the  calculations,   led  to  the  selection of  230 microns  as 

the maximum   liquid   oxygen droplet   diameter  for use   in  the   model. 
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APPENDIX C 

FLAMMABILITY LIMITS AND FLAME VELOCITIES FOR FUEL-RICH 

HYEROGEN/OXYGEN MIXTURES 

The f1ammabi1ity liaita of hydrugen/oxygen gae mixtures at luw tempera- 

tures and high pressures and under relatively high-velocity flow 

conditions have not been systematically determined.  Values for com- 

bustibility evaluation in the combustion model calculations were derived 

from examination of the effects of these variable« on the limits for 

less severe conditions than those encountered in the rocket experiments. 

At atmospheric pressure, values ranging from WL' to (M) mole percent 

hydrogen have been reported (Ref. 2*5) for the upper, fuel-rich flamma- 

bility limit. Variability in the limit composition arises from differences 

in type and size of apparatus employed, strength of the ignition source, 

direction of flame propagation, purity of reactants, and initial mixture 

temperature.  A reasonable base value appears to be 9^ percent hydrogen 

at 291 K and 1 atmosphere. 

Constantine (Ref. 2k)  has used a concept attributed to Zabetakis to 

calculate the effects of renctant temperature on the upper flaamability 

limit.  The limit mixture is said to occur at compositions such that 

combustion product temperature remains a constant.  The lowered initial 

enthalpy that results from mixing liquid oxygen with gaseous hydrogen 

was calculated to narrow the upper limit (i.e., lower the hydrogen con- 

ctatration) by only about 0.2 percent.  Varying the initial hydrogen 

temperature had a much more pronounced effect.  Mixing liquid oxygen 

with hydrogen at 80 K gave a calculated limit of 92.8 prcent hydrogen, 

which broadened linearly with increasing hydrogen temperature to 95.5 

percent at 580 K. 
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Raising the preasure apparently broadenH the upper limit fur the.se 

reactants; an increase from about 92.5 percent hydrogen at atmospheric 

pressure to about 95.5  percent at 15 atmospheres has been reported 

(Ref. 25).  This trend has been interpreted as supporting a thermal flame 

propagation mechanism rather than a chain branching mechanism (Ref. 2b). 

The superposition of a flow velocity on limit mixtures of hydrogen and 

oxygen apparently has not been studied.  There is some evidence (from 

comparing quiescent tube and flat-flame burner results for other fuels) 

that suggests that broadened limits may be experienced (Ref. 2b).  For a 

purely thermal propagation mechanism, however, turbulence of the flowing 

stream may enhance local quenching and result in narrowed limits (Ref. 27). 

For lack of more definitive information, values of upper flammability 

limit wer1 selected for model computations with an assumed simplification 

that the effect i>f pressure is offset by the effects of flow and turbulence. 

Thus values of 92 to Q5 percent hydrogen were used. 

Quantitative information regarding the turoulent flame velocities through 

hydrogen oxygen mixtures are even less abundant than flammability limit 

data.  Most investigators have measured laminar flame «pceds and the 

majority of the available data are for oxidiz r-nch or near stoicuiometric 

mixtures.  For laminar flames, the highest velocities have been observed 

with mixtures that are slightly fuel-rich, e.g., about 70 to 75 percent 

hydrogen (Ref. 28 and 29).  These highest laminar velocities incre.ise with 

pressure, data of Ref. 2H  and 29 for pressures of 0.5 to 15 atmospheres 

are quite well fit by an exponential equation of a form given in Ref. 2H, 

S  (cm sec)  =  1200 ♦ 515 log  [P (atm)] (C-l) 
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Flame .speeds at 90 atomospheres, however, exceeded that given by Eq. 

(C-l) by about 75 percent so thnt extrapolation to pressures g eater 

than IJ atmospheres is certainly questionable.  A more often reported 

relationship between laminar flame spe^d and pressure is, 

u a P (C-l) 

Values  of  the  piessure exponent apparently  range  from about    -12  to 

-f 1,   depending  upon  the  specific  reactants   involved and on  the   presence 

and  concentration  of  diluents.     Some   investigators have   suggested  that 

the exponent   is related  to  the  order of   leaction,  n,   through b  =   1  2  (n 

experimental  dati.   should  then  favor values  of b  =  -I  2,  0,  +1  2,  etc. 

- ->); 

The laminar burning velocities of Ref.  28 and 29 are reproduced in a 

log-log plot in Fig. C-l.  It *8 seen that an equation of the form (C-2) 

can include the data at 90 atmospheres, but does not fit the low-pressure 

data nearly so well as did Eq. (C-l). 

Turbulent flame velocities through a stoichiometric hydrogen oxygen 

mixture have been determined at two pressures using an extension of a 

Bunsen burner method (Ref. 30).  These two data points are also shown in 

Fig. C-l. While the turbulent value at 14.6 atmospheres is 1-3 k  times 

the laminar value, considering them to be -30 percent away from the 

equation shown, which correlates the laminar datt^ makes the difference 

seem of dubious significance. 

In Ref. 1,however, the velocity data reduced from luminous streak 

photographs indicated that the maximum gas velocities just upstream of the 

position of abrupt velocity increase were very appreciably higher than 

the laminar or turbulent data in Fig. C-I.  This is roughly indicated by 
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a circled  tnnngle  on that frraph.     Considering  that  symbol  as  a valid 

turbulent   flame-velocity  point  permits   the  approximation  shown,   i.e., 
1  2 U  ft p       .     This   relationship was  applied   in  the model  calculation,   but 

the  proportionality constant was  selected arbitrarily  to  force   the  posi- 

tion of achieving  combustible conditions  to match  the  observed velocity 

lump posit ion. 

Other  variables   that  are  probably   influential   in determining   flame  speed 

have  not  been   included,   simply because   no data were   found.     The   laminar 

flame   speed   is   known  tit decrease   sharply with   increasing  hydrogen 

concentration,   above   about   70  percent   (Ref.   29),   but  apparently no deter- 

minations with  near-limit   mixtures   have  been obtained.     Similarly,   the 

effect   of   lowering   the   reactant mixture   temperature   is  not  known. 
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APPENDIX D 

PHYSICAL,  THERMODYNAMIC ,   AND TRANSPORT  PROPERTIES    FOR THE 

COMBUSTION REGION 

PROPERTIES FOR EQUILIBRIUM COMBUSTION 

GASES AT VARIOUS MIJCrURE RATIOS 

The  computed     result»  of  frozen   thernodynanic  equilibrium performance 

calculations  using  the Rocketdyne  n-element  program  (Ref.   31) were  used. 

Properties  were  calculated  for mix. ire  ratios  ranging  from 0.5  to kS 

pound    0,,  pound    H,, at  ^O psia  pressure.     The  properties needed  in the 

combustion model  computations  are   presented  in Fig. 0-1,0-2, and D-3 as 

functions  of gas mixture  ratio. 

Values were  read from these graphs at  18 selected mixture  ratios  (10 of 

which were   between 0  a. . 9)   and were made  available   to   the  computer as 

tabular  arrays.     At  times   in  the  model   program when gas  properties at  a 

particular   location  in the  chamber were required,   the equivalent gas 

mixture  ratio at  that   location was used to enter and  search the  table. 

Properties were  determined by   linear  interpolation between the  tabulated 

values  corresponding with  the mixture  ratios  immediately above and 

below the   local mixture  ratio.     If  the   local effective mixture ratio 

exceeded  the  highest  tabulated mixture  ratio,  the  properties at the highest 

tabulated  value were  ii8"d. 
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HROPKRTIES OF GAS FILM AROUND A DROPLET 

Evaluations of the Reynolds, Prandtl, Schmidt, and Müsse It-numbers in 

Eq. 10 and 11 were based on mean value: of the appropriate properties 

within the gas vapor film around a droplet.  In the n<nburning region, the 

properties were approximated simply by assuming the free-stream composition 

and an arithmetic mean film temperature.  In the combustion region, such 

an approach is not at all realistic because the combustion gases are 

reactive with the oxidant droplet vapors; much greater deviations from 

free-stream composition may be required before such a mean temperature 

can be effected. 

For that reason, mean film properties were determined in the combustion 

region by the following melhod.  The vapors evolved from a droplet were 

assumed to react instantaneously with the surrounding combustion gases to 

thermodynamic equilibrium. The oxidant concentration, however, must 

decrease with increasing distance from the droplet surface.  At some 

point, the composition can conceivably be such that the local adiabatic 

flame temperature is the arithmetic mean temperature between the droplet 

and free-stream temperatures; the mean film properties were evaluated 

at that point.  This was accomplished in the combustion model program 

by cross-plotting some of the desired properties against adiabatic flame 

temperature from the n-element performance program computations at several 

oxidizer-rich mixture ratios and then curve-fitting those cross plots. 

The resultant equations were: 

Mfg   =   (4.W1 x IO"3)  ioge (Tfg) - yn?   x IO-*1 (D-l) 
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k exp [(2.979 x  10"V.    - 3.5967 ^ (D-2) 

Uxygen diffusivity was related to the conbustion gas mixture ratio: 

$.. = (0.0U21 * 0.09 R )/P, ; R  <3.5 •'O ,cg cg^ 1       eg     '  J 

(M) 
. {0.1W*   -   0.007382 R )/?. ; R  >3.5 eg7  1       eg 

Specific heat of oxygen vapor was evaluated by Eq. (A-7) using Tf . 
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AITENDIX E 

CROSS-SECTIONAL AREAS VS DISTANCE FROM  INJECTOR FOR 

TRANSPARENT TWO-DIMENSIONAL MODEL ROCKET 

The  tran.spareni  two-dimensuunnl  model  rocket  combustion chumber,   from 

which experimental   results  are  used   in  this  report   " had a constant 

1.00-  by Ul.OVinch cross  section  from the   injector   face   to  12.5-inches 

downstream of  the   injector,   then  converged to a  1.00-  by  11.50-inch 

cross  section nozzle   throat  at  li2.7-inches  downstream  of  the   injector. 

The   initial  chamber  contraction   ratio was  thus   1.00; During  the 

mi. i n-1 a^f   portions  of  the experiments with hydrogen/oxygen propellants, 

however,  melting  of  the  pyrex walls began  a  few milliseconds  after  full 

chambei   pres-sure was  achieved.     Small globules  of molten glass were 

continuously   shed  from  the   chamber exhaust   so  that   the   nozzle  area gradu- 

ally   incieased  throughout each  test  and  the  contraction  ratio gradually 

decreased."     (Ref.   1). 

The  effective  contraction  ratio.d    ff,   at  the   time  during  a particular 

firing  that   the   streak  velocity  data were   reduced was   inferred  from  the 

apparent   combustion gi s Mach  number 7)1    at   the  beginning   of nozzle 

convergence.      Isentropic   acceleration  of  a  completely  reacted,   frozen- 

equilibrium (ombustion gas  stream  from a cross-sectional  area A    to 

sonu   velocity at  the  nozzle   throat,  with  area A   ,   is given  (Ref.   )2)  by 

i 
^Aeff       A. M 

V 
■   +         2 

1 > 

x 

\- 
i 

I 

^r^T 
(E-l) 
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The melting and erosion of the Pyrex was seen photographically to 

occur fairly generally downstream of about 7 inches from the injector, 

both the motion pictures and posttest inspection suggested that the miijor 

configuration changes probably occurred in the nozzle section.  The chamber 

cross-sectional area per injection element was calculated for combustion 

model input, therefore, with a wall erosion factor applied only in the 

nozzle.  This factor was assumed to have a value of unity near the 

beginning of nozzle convergence and to increase linearly to a maximum 

value of I 'bO QA*..  at the nozzle throat. 

The equations u ed were: 

A      = A ,     0 < x   s« 12.50 (E-2) cc cci y        ' 

r I rp -| 
A      = F A 0.538 +  0.0924 J 25 -  (x-^.'JO)"    ,  , cc erosion    cci  L V v J 

12.50 < x <  14.82 (E-3) 

A   = F       A    I 1.059 - 0.0483 (x - 12.50)1 , cc     erosion cci L J 

14.82 < x < 20.47 (£-4) 

A   = F       A    ri.741 - 0.1482 ^ 25 -(22.7-x)L'' cc    erosion  cci L \ '  J 

20.47 < x < 22.70 (E-5) 

where: 
(1.6 -^eff) (x - 12.50) 

'erosion = ' * ^eff (22.70 - 12.50) (^ 
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NOMENCLATURK 

a = velocity of sound, ft/eec or an arbitrary constant 

A ■ area, sq in. 

A ■ surface area, sq ft 
s n 

^i   ff ■ effective chamber contraction ratio 

b = spray characterization parameter or an arbitrary constant 

B = spray drop size parameter (l.q.   l) 

c = arbiträr constants 

c ■ specific heat at constant pressure, Htu Ibm-R 

C = spray atomization rate parameter 

Cn = drag coefficient 

Ct = Craya-Curtet numb 'r 

D ■ diameter, inches or microns 

I) = surface-number mean droplet diameter for a spray 

D = volume-number mean droplet diameter for a spray 

D = volume-surface (Sauter) mean droplet diameter for a spray 

#y = diffusivity of one gas into another, sq ft/sec 

e - base of Naperian logarithms   2.71B28 

i' ( ) = functional symbol 

F. fraction of spray element gas flow diverted out of the spray combustion 
div zone 

I ■ fraction of initial gas momentum still associated with gaseous 
prope Hants 

F(n) = factor for suppressing atomization .'"«t downstream of the injector 

g = gravitational constant   '52.17 Ibm-ft Ibf-sq sec 

II 3 heat of vaporization, Btu Ihm 
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I ■ momentum, Ibf 

k = thermal conductivity, Btu/ft-hr-R 

K = a defined droplet drag parameter (Eq. 7) 

L » chamber length to accomplish turbulent mixing, inches 

M ■ molecular weight. Ihm/lb-mole 

r7i = mach number 

N = number flowrate of spray droplets, sec 

Nu = Nusselt number 

1/2 l/T 
NUJJ = 2 + 0.6 Re / Pr ^ 

Ni^ = 2 + 0.6 Re
1//2Sc1//3 

p = spray mean drop diameter variable (Eq. 5'«) 

P = pressure, Ibf/sq in. 

P = liquid vapor pressure, Ibf/sq in. 
v 

Pr = Prandt 1  number  =   "5600 c    u,k 
V * 

q = spray mean drop diameter variable (Eq. ^k) 

r = radius, inches 

R = universal gas constant   HM ft-lbf lb-mole-R or gas mixture ratio, 
if subscripted 

Re = Reynolds number, p D 11/(12 ß) 

Sc = Schmidt number = ß/{p0 

S = laminar flame speed, ft/sec U ft/ 

t ■ time, seconds 

T = temperature, R 

u = an integrating parameter (Eq. 5^ ) 

U = velocity, ft, sec 

U. = kinematic or space-mean velocity, ft/»ec 

v = cumulative volume fraction of spray smaller than diameter D 

w = droplet weight, Ihm 
95 



tt 
w 

W 

X 

X 

y 

z 

tOC^BC ET ■>'*'I • A    DIVISION     Or    NORTH     AMtRICAN     AVIATION        INC 

■    weight  llowrate,   Ibm/sec 

local   spray production rate,   Ibin sec 

distance along  the  direction of  flow,   inches 

=     incremental distance,   inches 

mole  fraction 

a dimensionless droplet diameter  function  (Eq.   58) 

=    heat transfer  factor  (Eq.   11) 

Greek  Letters 

y 

6 

M 

o 

a 

r(p) 

r (?) - 

ratio of specific heats (c /c ) 

spray characterization parameter 

viscosity, Ihm, ft-sec 

"5.14159 

density, lbm/cu ft 

surface tension, lbf/ft 

rp— 1 —u 
ur e     du, p ^ - i 

Uj 

incomplete Gamna function = t      u        e       du,   p ^ - 1 

sunmation symbol 

Superscripts 

!= gas properties evaluated at an effective atomization distance away 
ice 

/ \=  sas  properties  evaluated t 
(prime )    ■ A.      . . ; - xr from  the   liquid  jet  surfa< 
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SubBcriptg 

A ■ local surfare afomization 

b 3 gas, spray zone bouodary value 

cc ■ combustion chamber value 

Og ■ combustion product gas value 

cr ■ critical state value 

d = droplet value 

di-f   ■ value within the mixing zone between a gas jet and its surroundings, 
referred to as a velocity def-ct zone 

est ■ estimated value 

f ■ value within the gas film surrounding a droplet 

final ■ value at completion of combustion 

g = value associated w.tM a gas 

gs    3 value associated with the non-sp 'ay-bearing gas stream in the 
combustion region 

",> ■ gaseous hydrogen value 

i ■ initial value 

j = jet value 

' ■ liquid (subcritical temperature, condensed state) value 

max ■ maximum value 

mean = average value 

n ■ value associated with the nth spray group 

o = stagnation value 

0- = oxygen value 

p     = value at or prece-iing the position furthest from the injector to which 
a portion of a gas jet penetrates with injection velocity maintained 
or spray mean drop diamete variable 

q     ■ spray mean drop diameter variable 
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a .™.„„.  
r = relative value or value at an arbitrary radius 

sz ■ spray zone value 

t ■ turbulent flame value 

v ■ vapor s^ate value 

v ■ wall value 

x ■ value at an arbitrary axial position 

1 = value at the beginning of a A x- increment 

2 ■ value at the end of a A x- increment 

1-2 = value produced within a A x- increment 
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TABLE 1 

INITIAL MODEL CONDITIONS FOR CASES 

COMPARABLE WITH EXPHUMOTTAL MTA 

Initial  Value of 
Parameter 

Experiment for Comparison   (Ref.   1) 

Teat No.   417 Teat No.   431 

P   ,   p«ia 
■ 

457 455 

A     .,   sq  in./element cci      n        ' 0.483 0.525 

-*.„ 1.312 1.344 

w     .,   lb /sec-element 
21        * 

0.592 0.655 

185 185 

A     ..   sq  in./element 0.01368 0.01368 

ü0  i,  ft/.ec 89.6 99.1 

*IJ   • »   lb /»ec-element 1^1         m 0.1200 0.0921 

VR ~ 465 ~ 305 

A_   . ,   sq  in./element 0.03452 0.03452 

ü_   .,   ft/.ec 2670 1360 

Ri 4.93 7.11 

RH 64-29 107 
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T4BLE 12 

SIMMARY OF EXPERIMDJTAL CONDITIONS 

AND VISIBLE LOX JETF lENGTHS 

Hydrogen 

Test 
No. 

Injector End 
Pc.   psia 

Mixture 
Ratio, 
o/f 

Injection 
Temperature, 

R» 

Approx.  Visible 
LOX-Jet Length, 

inches 

U7 [470]** 4.9 ~ 500 2.8   to 3.2 

'»18 •516 5.0 [chilled] 3.5   to 3.8 

'.10 516 5.0 [chilled] 3.5  to 3.7 

'«11 [430]** 7.1 315 4.1   to 4.3 

KJ2 516 4.1 205 3.0  to 3.2 

'öl 522 5.2 210 4.1   to 4.3 

'ill» 459 5.8 200 3.8  to 4.1 

*The  temperatures measured   »n  the  injection manifold were  con- 
sidered   in the  combustion model  to be  stagnation values. 

•^Extrapolated   from downstream pressure data by  comparison with 
measured values   from the  other  tests. 

108 HR 64-29 



a (-«-■»-«rmi A     DIVISION    Or    NOKTH     AMKNICAN     AVIATION        INC 

HH b/»-29 

c 
c 
-< 

u 

c — 
O 

• M 

•    41 
3  Ä 

§    | 
CJ    «I 

Ml 

O   tt 
3 c  a- 

O   -fH 
«4 _) 

eg -o 
<-> a 
a « ■ 
■ c 
• * 
U   Ml 
a o 

>-. 

§5 
a*   a« 

xi ■ I 
« 

I 
♦ 

109 



a tTtfvrmm      •      A   DIVISION   OP   NORTH   AMSRICAN   AVIATIUN       •. 

AT   THE   INJECTO«, X»0 

RADIUS 

figure    2.     Velocity I'ruliles at Various   DiatABCM 
Mi.wiiH f i .'.on   from a Coaxial Jet  Injection 
llement (Conceptual) 
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« 

Figure 6.     Photograph of Water Jet Atomization From Tvo 
Coaxial Jet  Kle.nents W'th Gaseous Nitrogen 
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Simultaneous equations describing rocket propellent injection,  atoairation, 
mixing,  vaporization, and combustion are formulated for a cylindrical  liquid 
oxygen Jet surrounded by an annular gaseous hydrogen stream.    The formulation 
is based on division of the combustion chamber into a nonbuming region near 
the injector and a combustion region further downstream.    Processer in the non- 
burning region are required to satisfy certain combustibility criteria before 
combustion is possible.    The propellants then pass through a plane flame front 
into the combustion region.    A simplified  treatment of turbulent mixing between 
unlike reacting gas streams, one of vhich contains a liquid oxygen spray, 
characterizes  the combustion region model.    Solutions of the system of equations, 
obtained wi .h a digital computer program,  are detailed, discussed, and compared 
favorably with exrericental information froa Part I. 
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